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Zusammenfassung
Organische oder
”
Plastik“-Solarzellen haben in den letzten 25 Jahren eine rasante Entwicklung
durchlaufen. Kommerziell sind sie vor allem wegen ihres geringen Gewichts, Biegsamkeit,
Farbigkeit und potentiell geringen Herstellungskosten interessant, was zukünftig auf spezielle
Anwendungen zugeschnittene Solarzellen ermöglichen wird. Die Leistungseffizienz von 12 % ist
dabei unter günstigen Bedingungen bereits mit klassischer Siliziumtechnologie konkurrenzfä-
hig. Um die Effizienz weiter zu steigern und damit die Wirtschaftlichkeit zu erhöhen, muss vor
allem die Ladungsträgerbeweglichkeit verbessert werden. In organischen Solarzellen werden
typischerweise Donator-Akzeptor-Mischschichten verwendet, die für die effiziente Generation
freier Ladungsträger aus photo-induzierten Exzitonen verantwortlich sind. Obwohl solche
Mischschichten typisch für organische Solarzellen sind, werden Transportuntersuchungen der
relevanten Materialien der Einfachheit halber meist in ungemischten Schichten durchgeführt.
In der vorliegenden Arbeit wird der Ladungstransport in Donator-Akzeptor-Mischschichten
mithilfe raumladungsbegrenzter Ströme (space-charge limited currents, SCLCs), Leitfähig-
keit, Impedanzspektroskopie (IS) und thermisch-generierter Ströme (thermally stimulated
currents, TSC) untersucht und mit numerischen Drift-Diffusions-Simulationen modelliert.
Zunächst wird mittels Simulation der Einfluss exponentiell verteilter Fallenzustände auf
das schichtdickenabhängige SCLC-Verhalten unipolarer Bauelemente mit Ohmschen Kon-
takten untersucht. Die Erkenntnisse werden dann auf Elektronen- und Lochtransport in
ZnPc:C60-Mischschichten mit verschiedenen Mischverhältnissen angewendet. Dabei wird die
Beweglichkeit als Funktion von elektrischem Feld und Ladungsträgerdichte dargestellt, um
SCLC- und Leitfähigkeitsmessungen zu erklären, was mit einer exponentiellen Fallenvertei-
lung gelingt. Zum Vergleich werden dieselben Untersuchungen in DCV2-5T-Me33:C60, dem
effizientesten der bekannten Solarzellenmaterialien dieser Art, wiederholt, ohne Anzeichen
für fallendominierten Transport. Des weiteren werden erstmals schwach p-dotierte ZnPc:C60-
Mischschichten mit temperaturabhängiger IS untersucht, um direkt die Dichte besetzter
Lochfallenzustände zu bestimmen. Dabei werden wiederum exponentielle Fallenzustände
sowie eine Gaußförmige Falle beobachtet. Insgesamt tragen die über Fallenzustände in Misch-
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schichten gewonnenen Erkenntnisse zum Verständnis von Transportprozessen bei und bilden
damit eine Grundlage für die systematische Identifizierung von Fallenzuständen in Solarzellen.
Außerdem wird gezeigt, dass die genaue Beschreibung der transportrelevanten Fallenzustände
die Modellierung von Bauelementen ermöglicht, auf deren Grundlage zukünftig optimierte
Probenstrukturen vorhergesagt werden können.
Abstract
In the last 25 years, organic or “plastic” solar cells have gained commercial interest as a
light-weight, flexible, colorful, and potentially low-cost technology for direct solar energy
conversion into electrical power. Currently, organic solar cells with a maximum power
conversion efficiency (PCE) of 12 % can compete with classical silicon technology under
certain conditions. In particular, a variety of strongly absorbing organic molecules is available,
enabling custom-built organic solar cells for versatile applications. In order to improve the
PCE, the charge carrier mobility in organic thin films must be improved. The transport
characterization of the relevant materials is usually done in neat layers for simplicity. However,
the active layer of highly efficient organic solar cells comprises a bulk heterojunction (BHJ)
of a donor and an acceptor component necessary for effective charge carrier generation from
photo-generated excitons. In the literature, the transport properties of such blend layers are
hardly studied. In this work, the transport properties of typical BHJ layers are investigated
using space-charge limited currents (SCLC), conductivity, impedance spectroscopy (IS),
and thermally stimulated currents (TSC) in order to model the transport with numerical
drift-diffusion simulations. Firstly, the influence of an exponential density of trap states on
the thickness dependence of SCLCs in devices with Ohmic injection contacts is investigated
by simulations. Then, the results are applied to SCLC and conductivity measurements of
electron- and hole-only devices of ZnPc:C60 at different mixing ratios. Particularly, the field
and charge carrier density dependence of the mobility is evaluated, suggesting that the hole
transport is dominated by exponential tail states acting as trapping sites. For comparison,
transport in DCV5T-Me33:C60, which shows better PCEs in solar cells, is shown not to be
dominated by traps. Furthermore, a temperature-dependent IS analysis of weakly p-doped
ZnPc:C60 (1:1) blend reveals the energy-resolved distribution of occupied states, containing a
Gaussian trap state as well as exponential tail states. The obtained results can be considered
a basis for the characterization of trap states in organic solar cells. Moreover, the precise
knowledge of the transport-relevant trap states is shown to facilitate modeling of complete
devices, constituting a basis for predictive simulations of optimized device structures.
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Introduction
“Learn from yesterday,
live for today,
hope for tomorrow.
And most importantly, do not stop questioning.”
Albert Einstein, physicist.
The breakthrough of information technology in the past century has revolutionized our daily
life. At the same time, the globalization of markets enhances the competition for producing
low-cost products. The related socio-economic problems in the developing countries as well as
the increasing energy demands of the industrial part of the world fuel international conflicts
such as the one over fossil energy resources. Developing renewable energy technology in
order to replace oil or coal may disarm many of these conflicts by exploiting abundant power
resources such as wind, water, biogas, or sun. Additionally, generating electrical current
from renewable energy sources reduces the emission of the greenhouse gas CO2 and thus
helps to prevent further climate change. In particular, the potential of solar power is massive
considering that even in a less sunny place like Germany, the energy for the whole world could
be provided by photovoltaic installations with an area of 450× 450 km2 (i.e. approximately
half of Germany) [Schünemann15]. The required area would reduce approximately by a
factor of two in Spain or the Sahara due to the stronger solar radiation. In the last ten
11
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years, an exponential increase of solar panel installations significantly reduced costs and will
further increase the contribution of photovoltaics to the overall power generation in the future.
Moreover, photovoltaics facilitate a new generation of clean and sustainable transportation:
While writing this thesis, development engineers of the Solar Impulse airplane shown in
Figure 1.1 are demonstrating the potential of the latest technology by circumnavigating the
Earth powered purely by solar energy. Furthermore, such poineering work points out the
importance of developing ultra-light solar cells.
The present work focuses on organic solar cells, a novel type of solar cells made of carbon-based
(“organic“) molecules or polymers. Historically, scientific interest in organic semiconductors
started with the discovery of photoconduction in anthracene by Ponchetti in 1906. In the
period from the 1950s until the 1980s, many physical phenomena of solid state physics such
as luminescence and charge carrier trapping were first observed in organic crystals [Pope82].
However, the crystalline form of organic compounds had limited potential for industrial
applications due to the immense effort necessary to produce the crystals. Polymer organic
semiconductors, which are easily processed in thin films from solution, however, did not show
significant electrical conductivity at that time1. Instead, polymers have rather been used as
plastic bags or as insulators around cables until today. A new field of electronic applications
was opened up by the 1977 discovery that the conductivity of acetylene can be increased by a
factor of 109 when it is oxidized by halogens [Shirakawa77]. In 2000, Heeger, MacDonald, and
Shirakawa were awarded the Nobel Prize for chemistry ”for the discovery and development of
electrically conductive polymers“.
1 They cannot be purified because the polymer itself is insoluble and hence contains impurities hampering
the charge carrier transport.
http://www.greenprophet.com
Figure 1.1: Solar Impulse 2 airplane, a purely solar energy driven airplane, which
is circumnavigating the Earth during the writing of this thesis.
12
www.nanotech-now.comwww.heliatek.com
www.plasticlogic.com
www.heliatek.com
w
w
w
.lg
di
sp
la
y.
co
m
w
w
w
.t
ri
do
ni
c.
co
m
(a) (c)
(f)
(e)
(b) (d)
Figure 1.2: Organic semiconductor devices and applications, (a) organic light-
emitting diode (OLED) for lighting, (b) OLEDs as colored pixels in flexible displays,
(c) organic solar foil, (d) solar foil application to a car roof, (e) organic transistors
in organic circuits, and (f) organic transistor application for passive displays.
In the past 20 years, organic semiconductor thin films have gained commercial interest for
optoelectronic applications due to the variety of materials available as well as options for
tailored material synthesis. On the one hand, highly efficient emitter materials are used for
organic light-emitting diodes (OLEDs), which are already successfully integrated into displays
or lighting products (see Figure 1.2a and b). On the other hand, absorption coefficients
of organic semiconductors exceed 105 cm−1, rendering them promising materials for solar
cells. As compared to conventional silicon solar cells, the active layers may be 1000 times
thinner in organic solar cells in order to absorb most of the sunlight. For this reason, organic
solar cells are usually very thin and light-weight as compared to inorganic semiconductors.
Figure 1.2c and d show an organic solar foil and its possible application in the car roof. Due
to the variety of organic materials, diverse colors of solar cells are possible and the absorption
properties can be tuned in order to optimize the absorption of sunlight. Furthermore, organic
solar cells may be flexible and large-scale processing is potentially cheap through avoiding
high temperature processes as necessary for highly crystalline silicon. All these properties
hold true for other electronic applications as well, making them interesting for integrated
circuits as shown in Figure 1.2 e and f.
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Currently, the key challenge for improving the efficiency of organic solar cells is the relation
between the molecular structure, the thin film morphology, and the device properties. Weak
interactions between the molecules and the related strong dependence of the morphology
on the processing conditions impede predictive modeling of the optoelectronic properties
from a molecule structure, not to mention modeling of the whole device behavior. At the
mesoscale between macroscopic device characteristics and microscopic material parameters,
drift-diffusion simulations are an approach to continuously describe the electronic properties
such as charge carrier density at every position in a complicated device architecture with
different materials. Using drift-diffusion simulations, the charge carrier mobility is shown
to have a large impact on the current-voltage characteristics of organic solar cells[Tress11a].
Typically, highly efficient organic solar cells comprise a blend layer of a so-called donor and an
acceptor material, which is necessary for converting the solar energy into spatially separated
free charge carriers and generate electrical power. Transport modeling of such blend layers is
scarcely reported in literature, but it is essential for correctly modeling organic solar cells
and enables a deeper understanding of the relevant processes.
This thesis investigates the transport properties of donor-acceptor blend layers using experi-
ments and drift-diffusion simulations. Therefore, the basic properties, charge carrier transport
processes, and device characteristics of organic semiconductors are reviewed in Chapter 2.
In Chapter 3, the numerical drift-diffusion simulation as the central method of this work is
explained in detail. Chapter 4 investigates the thickness-dependent current-voltage charac-
teristics of a novel single carrier device type with doped injection layers and an exponential
density of states (DOS) using the simulations. Subsequently, the results are applied to blend
layers with varying donor-acceptor mixing ratios in Chapter 5 and a transport model is
derived, which describes the field as well as the charge carrier density dependence of the
mobility in these blend layers. In the subsequent Chapter 6, the DOS is determined for a
model blend layer using two independent methods. Finally, the results are summarized and
an outlook for future investigations is given in Chapter 7.
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Organic Semiconductors and Solar Cells
Based on the concepts of inorganic semiconductors [Sze06, Würfel00], this chapter gives an
introduction to organic semiconductors, including charge transport properties, doping, single
carrier devices, and solar cells. In the first section, the structure of organic molecules is
described and the optical and energetic properties of molecular solids are derived from those
of the single molecules. The second section elucidates charge carrier transport phenomena.
Starting from the mobility definition in classical band theory, it gives an overview of hopping
and tunneling models describing charge carrier transport in organic semiconductors and ends
with a brief discussion of the limitations to the transport models with respect to equilibrium
conditions. Subsequently, doping is introduced as a means for increasing the (poor) electrical
conductivity of organic semiconductors and the state-of-the-art models of the doping process in
organic semiconductors are presented. The fourth section focuses on transport characterization
using single carrier devices, which are modeled and characterized in this work. It includes the
theory of space-charge limited currents (SCLCs), a novel method for mobility determination
using SCLCs used in this work, as well as a paragraph about peculiarities at the contacts of
single carrier devices. Finally, the basics of organic solar cells are explained as a background
to transport investigations in donor-acceptor blend layers. The focus here is on the donor-
acceptor heterojunction, the p-i-n concept for high efficiency solar cells, possible recombination
mechanisms, as well as the general characterization of solar cells.
15
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2.1 Structural, Optical, and Energetic Properties
The term organic specifies all kinds of carbon based compounds, may it be a natural essential
for life such as glucose or an artificial plastic bag. In the context of organic electronics, it
refers to those organic compounds that have a so-called conjugated π-electron system as a
basis for semiconducting properties. Here, the structure and properties of single molecules
with conjugated π-electrons are explained first and the properties of a solid are derived from
that.
The carbon atom is tetravalent due to its electron configuration 1s22s22p2. In the most simple
aromatic compound, benzene, each carbon atom is covalently bound to two other carbon atoms
and one hydrogen atom, which is shown in Figure 2.1. There, the neighboring 2s and two 2p
orbitals form three degenerated sp2 hybrid orbitals called σ-bonds. These bonds are located
in the molecule plane with an angular offset of 120 ◦, building the backbone of the molecule.
The third p-orbital of each carbon atom (pz) forms perpendicular to the molecule plane and
overlaps with neighboring pz-orbitals, creating six possible π-orbitals in the molecule. The
π-orbitals differ in energy depending on the number of (anti-)symmetric wave functions – the
nodes – leading to each three bonding (π) and anti-bonding (π*) molecular orbitals. Bonding
and anti-bonding orbitals constitute the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), respectively, and can be calculated for a single
molecule by a method known as LCAO (linear combination of atomic orbitals). According
to Koopman’s theorem [Koopmans34], HOMO and LUMO are approximately equal to the
molecule’s ionization energy (IE) and electron affinity (EA), respectively. For benzene, the
energetic distance between HOMO and LUMO is about 6 eV, which is much smaller than
the energy difference between bonding and anti-bonding σ-orbitals. The π-π* energy gap is
the basis for the semiconducting properties of the whole class of organic, aromatic molecules
and conjugated polymers. In this work, we focus on molecules with small molecular weight,
(a) (c)(b) (d)
Figure 2.1: Benzene: (a) Kekulé structure of isomers, (b) σ-bonds, (c) the individual
pz-orbitals perpendicular to the molecule plane, (d) delocalized π-orbital containing
six electrons. Adapted from [Vladsinger14].
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which can be thermally evaporated, the so-called small molecules. However, the principles
mostly apply to polymers as well.
Moreover, the π-π* energy gap determines the optical excitation properties of a molecule.
In Figure 2.2, the lowest electronic transitions of an organic molecule between the ground
state S0 and the first excited state S1 are depicted in a so-called Jablonski diagram. In
addition to the electronic states, a variety of vibrational states are available that overlay
with the electronic ones. At thermodynamic equilibrium, the molecules are in the ground
state S0, whereas the lowest vibrational states may be excited depending on the thermal
energy of the system. Optical excitation with the energy of an allowed electronic transition
transfers the molecule to the first excited state S1, whereas the final state is usually an
excited vibrational state of S1. Typically, the excitation process happens in the order of
10−15 s and the vibrational ground state of S1 is reached within 10
−12 s. The lifetime of S1
is in the order of 10−8 s, before the first excited state S1 relaxes radiatively to the ground
state S0 (fluorescence). As can be seen from Figure 2.2, the energy of the emitted photon is
slightly lower (the wavelength is longer) than the one of the absorbed photon. The energy
dissipates due to the fast vibrational relaxation in the S1 state after absorption as well as
to the fluorescence decay to higher vibrational levels of S0 (Stokes shift). Apart from the
mentioned relaxation types, there is a non-zero possibility for de-excitation via a “forbidden”
transition. In this case, the antiparallel spin (S = 0) of the electron couple is flipped, resulting
in the spins of excited and ground state electrons being parallel (S = 1) (inter system crossing).
Introduced into a magnetic field, the molecule shows three different eigenstates of the spin (-1,
0 and 1), which is therefore called triplet state T1, in contrast to the singlet state having only
one possible orientation. From the T1-state, the molecule can only relax to S0 by another
inter system crossing transition. If this transition is radiative it is termed phosphorescence.
Due to the low probability of the process, the T1-state has a very long lifetime compared
the direct relaxation to the electronic ground state, ranging from milliseconds to seconds.
Further non-radiative transitions are possible via collisions or conversion to heat.
In order to modify the optical properties of an organic molecule, the energy gap can be
decreased by enlarging the π-system, for instance by the integration of further carbon rings.
The tunable optical transitions in conjunction with the semiconducting properties of the
π-system make these molecules and polymers interesting for optoelectronic applications.
Hence, the variety of possible molecules opens up a playground for organic chemists to
systematically design molecules according to desired emission or absorption energies in the
range of the visible light.
Furthermore, the system of conjugated π-bonds is responsible for the intermolecular (van-der-
17
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Figure 2.2: Jablonski energy diagram of the different electronic transition pathways
between the ground state S0, the lowest electronically excited state S1, and the
triplet state T1. Relaxation from S1 may either happen directly by emitting a
photon (fluorescence) or indirectly via inter system crossing to T1. The latter is
a “forbidden” process describing the spin flip that enables the de-excitation of the
molecule by a non-radiative transition to the T1 triplet state as well as the relaxation
from there to the ground state by emission of a photon (phosphorescence).
Waals) interactions in molecular solids. Compared to solids that are dominated by metallic,
covalent, or ionic interactions, the van-der-Waals forces in organic solids are very weak. In
consequence, molecular interactions are short-range and crystal packing mostly depends on
the molecule size and shape. Organic crystals are rather soft and have low melting points.
Still, they can possess energy bands like known from inorganic semiconductors. However, in
contrast to inorganic semiconductors, the bands are narrow (several 100 meV) due to a small
overlap of the wave functions. Practically, the fabrication of organic crystals is challenging
and for device applications, organic thin films have been intensively studied in the last 25
years. In thin films, organic molecules form amorphous or nanocrystalline solids showing a
high degree of spatial disorder. Statistical variations in the molecule distances further affect
the wave function overlap and give rise to a broad density of states (DOS).
Due to the weak interactions between organic molecules, the properties of single molecules
dominate the behavior of the solid material. Hence, the shape of the molecule has a major
impact on the crystal structure and asymmetry in the molecule can be the origin of anisotropy
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Figure 2.3: Energy levels in an isolated molecule, an ideal molecular crystal, and an
amorphous solid: Polarization effects in the crystal shift the energy levels, decreasing
the energy gap between HOMO and LUMO. In an amorphous solid, the energy
levels are additionally broadened due to statistical variations of polarization energies
(Pe and Ph) induced by the disorder. DOSe and DOSh are sketches of the electron
and hole density of state distributions and Evac is the vacuum reference level.
in macroscopic properties such as conductivity or absorption1. In Figure 2.3, the electronic
energy levels of organic molecules are presented for an isolated molecule, a molecular crystal,
and an amorphous solid. It can be seen that the energy levels of molecular crystals are similar
to the single molecule, shifted by a polarization energy caused by electrostatic screening of
neighboring molecules. In disordered thin films, the energy levels are additionally broadened
by local differences in the polarization energy due to the spatial disorder. Such a stochastic
broadening is often described by a Gaussian density of states distribution. Typically, the
center of the LUMO is lower in energy in the solid while the HOMO energy is increased as
compared to the single molecule. In total, the difference between HOMO and LUMO – the
energy gap Eg – is reduced in the solid as compared to the single molecule by several 100 meV.
For solid materials, typically the terms IE and EA are used instead of HOMO and LUMO
because IE and EA are determined in thin films using ultraviolet photoelectron spectroscopy
(UPS) and inverse photoelectron spectroscopy (IPES), respectively. In contrast, HOMO and
LUMO values usually refer to cyclic voltammetry measurements of rather isolated molecules
in solution, where intramolecular interactions and polarization effects play a minor role.
In a molecular solid, the first excited state of a molecule, S1, is usually strongly localized and
considered as a quasi-particle, the exciton. Generally, the degree of localization may vary for
different molecules depending on their polarization energies, intermolecular coupling (transfer
1 One question of the current debate on structure-property relations is to which extent this statement holds
true for amorphous or nanocrystalline thin films. Most probably, the degree of crystallization is the crucial
point.
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h
Figure 2.4: Excitons: (a) Wannier-Mott exciton in an inorganic crystal, (b) Frenkel
exciton in a molecular crystal, (c) charge transfer (CT) exciton in an organic crystal.
Adapted from [Schwoerer07].
integral), as well as the presence of lattice vibrations (phonons). Different types of excitons
are sketched in Figure 2.4. In inorganic semiconductors, excitons are typically delocalized over
the crystal lattice and are called Wannier-Mott excitons (Figure 2.4a). In contrast, Frenkel
excitons are localized on one molecule, mostly due to a low dielectric constant (Figure 2.4b).
In organic semiconductors, excitons are of Frenkel type. Although delocalization is stronger
in molecular crystals than in thin films, Wannier-Mott excitons have not been observed in
molecular crystals.
In organic solids, the optical gap between ground state S0 and the first excited singlet state
S1 is typically smaller than the energy gap between the transport levels, i.e. charge pairs
generated upon an optical excitation are not immediately free. Instead, photo-generated
excitons must be considered as a bound state of electron and hole with a Coulomb binding
energy of [Pope82]
EB = −
1
4πε0εr
e2
r
(2.1)
using the permittivity ε0εr, elementary charge e, and interaction radius r. For organic solids,
the latter is typically in the range of the molecule size, i.e. several Å, and the exciton is
of Frenkel type with a binding energy in the range of several 100 meV. This large exciton
binding energy as compared to inorganic semiconductors is caused by the low permittivity
of 2...6ε0 of organic semiconductors (inorganics: εr ∼ 15 and EB ∼ 10 meV, i.e. below the
thermal energy at room temperature). When the exciton extends over at least two molecules
with the electron and hole charge located on either of the molecules, it is called charge
transfer (CT) exciton (Figure 2.4c). CT excitons are particularly relevant for the charge
carrier separation in solar cells (see section 2.5.1). Once an exciton is split, the molecules
with their respective charges are called polarons, owing to the interaction of the charge with
its dielectric surrounding. The subsequent section focuses on the transport of polarons in
20
2.2 Charge Carrier Transport
organic thin films.
2.2 Charge Carrier Transport
Charge carrier or polaron transport in organic semiconductors is dominated by the weak
intermolecular interactions in a solid. Furthermore, the physical processes determining charge
transport of an organic semiconductor depend strongly on the molecule properties. Although
dominating factors such as the molecular electronic structure, the relative positions and
orientations of neighboring molecules, and spatial inhomogeneities in the morphology have
been identified, simulating charge pathways on a macroscopic scale ab initio is challenging in
terms of computational and modeling demands [Rühle11]. For simplification, dynamic changes
of the reorganization energy are often neglected in transport theory so that the process is
simply referred to as charge carrier transport. In contrast, the term polaron transport is only
used when a transport model explicitly includes polarization energies. Here, the focus is on
the transport of charge carriers (current) in a certain DOS distribution without additional
polarization effects. In this section, the charge carrier mobility as the macroscopic parameter
describing transport processes is introduced starting from classical solid state models based on
references [Simon85, Schwoerer07]. Then, the peculiarities of transport processes in organic
semiconductors are pointed out and common localized state transport models are reviewed.
In the last part, the application of the mobility concept for investigations of disordered
semiconductors is discussed.
2.2.1 Classical Transport Models
The central quantity characterizing the transport properties of a material is the charge carrier
mobility µ since it links microscopic properties with measurable quantities. The mobility
is the proportionality factor relating the average drift velocity v of a charge carrier to the
electrical field F that is driving the motion
v = µF. (2.2)
It is related to a macroscopically measurable quantity, the conductivity σ of an electron
conducting solid with free electron density n, by
σ = −enµ. (2.3)
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Furthermore, the conductivity is related to the current density by Ohm’s law
J = σF. (2.4)
The microscopic conduction properties of the solid can be described by Drude’s model of a
free electron gas. It assumes that mobile electrons can move freely in a lattice of positively
charged spheres (cations) acting as scattering centers. Electron-electron interactions as well
as electron cation-interactions between two consecutive collisions are neglected. Hence, the
mean free time between two collisions of electrons and cations τ characterizes the average
charge carrier velocity v of an electron with mass m and charge e upon application of an
external electric field F as follows:
v =
eτ
m
F. (2.5)
In consequence, the mobility can be related to the microscopic parameters τ and m via
µ =
eτ
m
. (2.6)
This relation describes the mobility of a free electron within the Drude model. For describing
charge transport in semiconductors, a refined model is necessary that additionally considers
the lattice potential of the cations. Such a model is provided by band theory, which is
introduced in the following.
According to de Broglie, an electron has wave-like properties with the wavelength λ
λ =
h
mv
, (2.7)
using the Planck constant h and the electron mass m. The lattice of cations restricts the
possible wavelength to the lattice spacing of immobile cations (Bloch theorem). Hence, the
wave function of a single electron with the wavenumber vector ~k (|~k| = 2π/λ), the Bloch
wave, is
Ψ~k = Φ~k(~r) exp (i
~k · ~r) (2.8)
using the position vector ~r and a function characterizing the periodicity of the crystal lattice
Φ~k. Furthermore, a charge carrier has assigned a quasi momentum with an effective mass
tensor M(~k)
M(~k) = ~2
(
∂2E(~k)
∂~k2
)−1
. (2.9)
If the dispersion relation of the charge carrier can be quadratically approximated at the band
edge, M(~k) can be replaced by a constant effective mass m∗ and the kinetic equations appear
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in the classical form (using the Planck constant ~)
E(~k) =
~2~k2
2m∗
, (2.10)
so that the mobility can be expressed in terms of the effective mass by
µ =
eτ
m∗
. (2.11)
Note that m∗ is positive for electrons and negative for positively charged particles (holes).
Values for m∗ are given as multiples of the electron rest mass m0. For instance, gallium
arsenide has a very low electron effective mass of 0.063m0 and hence a high electron mobility
of about 8000 cm2/Vs at 300 K [Sze06]. For comparison, silicon has an electron effective mass
of 0.98m0 (longitudinal) or 0.19m0 (transverse), and an electron mobility of 1450 cm
2/Vs.
The effective mass allows for calculation of the effective density of states NC and NV of
conduction and valence band in inorganic semiconductors when the occupation probability is
described by the Boltzmann distribution. In anisotropic materials such as molecular crystals,
M(~k) must be used instead of m∗ making µ a direction dependent tensor as well.
In this model, the mobility dependence on temperature is determined by the mean free
time, which is influenced by scattering processes at ionized impurities or acoustic phonons
[Sze06]. When scattering at phonons is predominant, the mobility decreases with increasing
temperature according to µ ∝ T−3/2 since the phonon density increases with temperature. On
the other hand, when scattering at ionized impurities dominates the transport, the mobility
increases with increasing temperature as µ ∝ T 3/2. For organic or inorganic crystalline
materials at room temperature, phonon scattering dominates the transport so that typically
a decrease of the mobility with increasing temperature is observed. This case is referred
to as band transport. However, the exponent of the temperature dependence observed in
experiments generally differs from −3/2. For molecular crystals, typical values range from 0 to
−3, depending on the charge carrier type and current direction (anisotropy) [Schwoerer07].
The situation is fundamentally different in disordered materials, where the mobility is orders
of magnitude smaller than in crystals. There, the mean free path of the charge carriers is in
the range of the intermolecular distance. Hence, coherence is lost, charge carriers are no longer
free, and the transport processes cannot be described by a band model anymore. Typically,
band-like transport is not observed for mobilities below 1 cm2/Vs and organic semiconductors
hardly exceed this value. Thus, transport of localized charge carriers must be described by
a hopping or tunneling mechanism that is thermally activated. In this case, the mobility
increases with increasing temperature, similar to the mobility dominated by scattering at
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impurities. The transition between coherent band transport and thermally induced hopping
is not completely understood and a matter of current theoretical investigations [Ortmann11].
The following section gives an introduction to hopping and tunneling transport models.
2.2.2 Hopping and Tunneling Transport
As discussed in section 2.1, disordered media such as organic thin films are characterized
by having localized wave functions and energy states extending into the “forbidden” energy
gap. Charge transport across a potential barrier is only possible by thermally activated
hopping, tunneling, or a combination of both. For the hopping mechanism, additional energy
to overcome energy barriers is provided by thermal vibrations and (if present) by an electric
field. The efficiency of a hop is determined by the potential barrier height to the next hopping
site as well as the presence of thermal vibrations (temperature). For a tunneling process,
the transition probability depends on the shape of the potential barrier, i.e. height and
width, but not on temperature. A combination of hopping and tunneling processes is often
used and termed thermally or phonon-assisted tunneling. Other localized transport models
account for local polarization energies that must reach a favorable configuration between
initial and destination site for a carrier hop to occur [Holstein59]. In spite of recent progress
from a theoretical point of view, there are no complete models available that predict the
charge transport properties of organic thin films from the molecule structure [Baranovskii14].
Instead, present mobility models are empirically obtained from idealized systems, e.g. by
Monte Carlo simulations of charge carriers propagating in a certain energetic distribution of
sites via hopping steps [Bässler93]. Among others, this approach provides significant insight
into hopping transport phenomena in disordered organic semiconductors. In the following,
the most important transport models are presented, based on a review article of Tessler and
co-workers [Tessler09].
For phonon-assisted tunneling, charge carrier transition rates from site i to site j of a grid
with distributed energies are often described by the Miller-Abrahams expression [Miller60]
νij = ν0 exp (−2αrij)
{
exp
(
−Ej−EikT
)
for Ej > Ei
1 for Ej < Ei.
(2.12)
Here, ν0 is the attempt-to-escape frequency, α the inverse localization radius describing the
overlap integral of the wave functions, rij the distance between initial site i and destination
site j, Ei and Ej their energy levels, k is the Boltzmann constant, and T the temperature.
These transition rates are a simplified expression of the Marcus rate used to describe electron
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transfer from a chemical point of view [Marcus56]. They determine charge carrier transition
rates on a grid of sites distributed in space and optionally in energy. Polarization effects are
neglected in this approach. The temporal evolution of such systems can be studied using a
master equation or Monte Carlo approach. The common energetic distributions discussed
here are sketched in Figure 2.5 and will be discussed in the following.
Uniform DOS Models
The rate equations (2.12) are the basis for Mott’s variable range hopping model. This
approach is based on the fact that efficient hops happen at energies close to the Fermi level
because free and occupied states are close in energy, there. By assuming a constant DOS close
to the Fermi level (see Figure 2.5a), the optimal hopping distance as well as the corresponding
energy difference to the Fermi level are determined. These are used to derive the famous
relation describing the temperature dependence of the optimum transition rate as well as the
conductivity activation of charge carrier transport [Mott79]
σ = σ0 exp
[
−
(
T0
T
)1/4]
, (2.13)
where σ0 is a temperature independent prefactor and T0 relates to the activation energy of
this transport process.
An alternative approach for describing charge transport in organic media uses percolation
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Figure 2.5: DOS distributions that are used for describing hopping transport in dis-
ordered materials: (a) uniform with g0 (Mott and Ambegaokar), (b) Gaussian shape
with a maximum at EG and a width σG (Bässler and Pasveer), and (c) exponential
with a total density of states Nt and a characteristic energy Et (Vissenberg-Matters).
25
2 Organic Semiconductors and Solar Cells
theory. Ambegaokar et al. [Ambegaokar71] describe the individual hops by a network of
resistors, which are defined according to the hopping probability between different sites that
are homogeneously distributed in energy. Starting from pathways with the lowest resistance,
a percolation network is built until a continuous path is constructed that connects opposite
sides of the grid. This is the most likely path a charge carrier can take and it sets the
critical resistance of the device. The main result of this study is similar to Mott’s relation
(2.13), namely that transport occurs at or around the Fermi level with the same temperature
activation of the conductivity as found by Mott.
Non-uniform DOS Models
A common and more realistic transport scenario is the Gaussian disorder model (GDM)
reported by Bässler et al. [Bässler93] where the hopping sites are assumed to follow a Gaussian
shaped DOS (see Figure 2.5b) according to
DOSG(E) =
NG√
2πσG
exp
(
−(E − EG)
2
2σ2G
)
. (2.14)
Here, NG is an effective DOS, and σG and EG are the width and center of the Gaussian,
respectively. This distribution is based on the stochastic broadening of the energy levels of
organic, disordered materials, which is caused by local differences in the polarization energy.
Using Monte Carlo simulations, basic investigations on the transport of a single charge carrier
in a disordered medium are possible. For that, Bässler et al. used the Miller-Abrahams
rate equations (2.12) with an additional energy term describing the influence of an external
electric field, eF (xj − xi.). As a result, a parametrization of the steady state charge carrier
mobility was obtained [Bässler93]:
µ(σ̂G,Σ, F, T ) = µ0 exp
(
−4σ̂
2
G
9
) exp
[
CG(σ̂
2
G − Σ2)
√
F
]
for Σ > 1.5
exp
[
CG(σ̂
2
G − 2.25)
√
F
]
for Σ < 1.5
(2.15)
using the constant CG = 3×10−4
√
cm/V, the diagonal or energetic disorder σ̂G = σG/kT , and
the off-diagonal or positional disorder parameter Σ. This relation implies certain dependencies
of the mobility on disorder, temperature, and field. The temperature dependence obtained here
has the shape ln (µ/µ0) ∝ −T−2 for low fields and is hence increasing with temperature. Such
a temperature activation is characteristic for thermally activated transport in disordered media.
Considering the field dependence of the mobility, the Poole-Frenkel behavior ln (µ/µ0) ∝
√
F
is recovered (see section 2.4.1). Note that equation (2.15) formally also allows the field to
have a negative impact on the charge carrier mobility when Σ exceeds σ̂G. In this case,
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hops perpendicular to the direction of the applied field are suppressed so that less sites are
available for transport as demonstrated in Figure 2.6. This effect might be important for
organic blend layers like they are commonly used in organic solar cells [Koster10].
Another result of these investigations is the average thermal relaxation energy of charge
carriers in a Gaussian DOS,
〈E∞〉 = EG −
σ2G
kT
. (2.16)
Such a relaxation process requires many charge carrier hops that each span a distance in
the range of the molecule size. Typically, the total propagation is in the range of several
micrometers [Tessler09], questioning the presence of equilibrium for devices with layers as
thin as 100 nm. This aspect is discussed in more detail in section 2.2.3.
The most significant weakness of Bässler’s model arises from the assumption of low charge
carrier densities because in the simulations only the motion of a single charge carrier is
considered. Referring to that, Vissenberg and Matters [Vissenberg98] derived a percolation
model that is valid for higher charge carrier densities, where the Gauss shape can be
approximated by an exponential one (E ≈ σG) . The exponential DOS is defined by (see
Figure 2.5c)
DOSexp(E) =
Nt
Et
exp
(
− E
Et
)
. (2.17)
Here, E is the energy offset from the transport level, Nt is the total density of states below
the transport level, and Et is the characteristic trap depth. The authors use the concept of
critical conductance meaning that only the most conductive connections contribute to the
Figure 2.6: Charge carrier (circle) moves on hopping sites (-) towards an obstacle
(gray rectangle) driven by the electric field F . The motion from (2) to (3) or (3’)
is driven by diffusion, backwards hops are suppressed by a strong field. From
[Koster10].
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current. As a result, the temperature activation of the conductivity can be described by
σ = σ0
(
n
Γ(1− kT/Et)Γ(1 + kT/Et)
πE3t
b[2αkT ]3
)Et/kT
(2.18)
using the charge carrier density n =
∫
DOSexp(E)f(E,EF)dE with the Fermi function
f(E,EF), the Γ-function close to one, the inverse localization radius α, and the percolation
threshold b from percolation theory.
Equation (2.18) contains a charge carrier density dependence of the conductivity (and also
mobility µ = −σ/en) that is shown to quantitatively describe the mobility activation with
charge carrier density in organic field-effect transistors (OFETs) and hole-only diodes of the
same material [Tanase03]. Moreover, the exponential DOS [Vissenberg98] is shown to be
a good approximation to the Gaussian shaped DOS, which describes the mobility of the
hole-only diodes in a correlated Gaussian disorder model (CDM) [Novikov98, Tanase03].
Originally, the CDM was suggested as an alternative to the GDM with the aim to create a
Poole-Frenkel type field dependence (see also section 2.4.1) through a spatial correlation of
the energetic disorder and to enlarge the range where the field dependence of the mobility
can be described [Gartstein95]. However, the meaning of the correlation distance in the CDM
is not completely clear. Nevertheless, the charge carrier density dependence can be used to
describe the SCLC behavior of the diodes that was attributed to a field activation of the
mobility before [Tanase04]. In a subsequent master equation simulation study, the same
group presents a parametrization of the mobility in a Gaussian DOS (2.14). It unifies the
dependencies on field F , charge carrier density n, and temperature T as follows [Pasveer05]:
µ(T, n, F ) = µ(T, n) · f(T, F ) (2.19)
using
µ(T, n) = µ0(T ) exp
[
0.5
(
σ̂2G − σ̂G
) (
2na3
)δ]
, (2.19a)
µ0(T ) = 1.8× 10−9 µ0 exp
(
−0.42σ̂2G
)
, and (2.19b)
f(T, F ) = exp
0.44(σ̂1.5G − 2.2)
√1 + 0.8(Fea
σG
)2
− 1
. (2.19c)
Here, δ = 2
[
ln (σ̂2G − σ̂G)− ln (ln 4)
]
/σ̂2G, the lattice constant a is related to the molecule
density N
−1/3
C/V , and µ0 is the zero field mobility in the limit of vanishing charge carrier density
(n → 0). This model shows the T−2 dependence on temperature known from the Bässler
model in the limit of vanishing charge carrier densities but it can also reveal T−1 dependence.
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The field dependence is generally weaker than in the Bässler model. This semi-analytical
model has been applied to model a variety of organic semiconductor thin films using numerical
drift-diffusion simulations2.
Apart from Gaussian and single exponential DOS models, a generalized DOS according to
DOSκ(E) ∝ exp
[
−
(
E
Eκ
)κ]
(Eκ: characteristic energy; κ: power law exponent, κ > 0) was
suggested by Oelerich and co-workers [Oelerich12]. They determined κ = 1.8 from the charge
carrier density dependence of the mobility obtained for the polymers OCC-PPV and P3HT,
confirming the approximately Gaussian shape of the DOS that is often assumed for the
evaluation of transport processes in these materials. The authors pointed out that the charge
carrier density dependence of the mobility is a natural consequence of the (charge carrier
density dependent) hopping rates, which are determined by the DOS distribution. This fact
is stressed in Chapters 4 and 5 of this work.
2.2.3 Limitations of Transport Characterization
Though modeling of the charge carrier mobility is a nice way to get an idea of the processes
underlying charge transport in disordered media, it must be admitted that averaging over
many events provokes misleading results when the spread of the mean is larger than the
measured quantity. This case is usually termed dispersion. For instance, in time-of-flight
measurements of the mobility, dispersive transport does not show a precise transport edge
in the transient current measurement, but a time dependent mobility edge. It occurs when
photo-generated charge carriers are trapped in intra-gap states and cannot contribute to the
current [Karl01]. In Ref. [Scher75], the authors point out the relation between measurement
time and the time the system takes to reach equilibrium for development of (non-)dispersive
transport. Possibly, dispersive transport switches to non-dispersive transport when the
measurement times are long enough or the film is thick enough. That means, for a mobility
function such as equation (2.15) to be valid, the system has to be in a “rather equilibrated”
state. Nearly all semiconductor models depend on the condition that charge carriers are at
equilibrium, the validity of which has to be clarified for each experiment.
Prominently, the Fermi function f(E,EF) defining the charge carrier density relies on the
equilibrium condition. Only when a system is in thermodynamic equilibrium, the charge
carrier density of a semiconductor is determined by
n =
∫
DOS(E)f(E,EF)dE. (2.20)
2 The method of numerical drift-diffusion simulations is introduced in Chapter 3.
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In that case, the charge carrier density is determined by the DOS. The latter is often regarded
as a spatially uniform property related to the material and/or processing conditions. However,
several types of non-uniformities are discussed in the literature, such as fluctuations across the
materials (especially in blend layers of dopant and matrix or donor and acceptor), interface
states, or partial crystallization. A measurement that is described by a certain DOS model is
only as good as its layer is homogeneous, for which using thick layers is advantageous.
In summary, the concept of mobility is a powerful tool to describe charge carrier transport
in organic semiconductors, however, it is pushing the necessary model assumptions to their
limits.
2.3 Doping
The term electrical doping of a semiconductor refers to the intentional introduction of
impurities in order to control its electrical properties, i.e. the charge carrier density as well as
the position of the Fermi level with respect to the transport level. In spite of the differences
in structure and charge carrier transport, the doping mechanism in organic semiconductors is
in principle similar to inorganics [Lüssem13]. As illustrated in Figure 2.7, doping is generally
described as a two step process: For p-doping, the LUMO energy of the dopant molecule
must be lower than the HOMO of the matrix, so that an electron is transferred to the dopant,
building a charge transfer complex that creates a hole on the matrix molecule. In a second
step, the hole has to overcome the Coulomb binding energy of the CT complex for dissociation
from the negatively charged, ionized dopant molecule. Accordingly, n-doping is achieved by
introducing a dopant with a HOMO equal or above the LUMO of the matrix, generating an
electron on the matrix molecule. Therefore, an n-dopant must have a very high HOMO energy
(i.e. low absolute value for IE) making them reactive and often unstable to air exposure, e.g.
W2(hpp)4 with an IE of 2.4 eV [Cotton02].
Furthermore, inorganic dopants are distinguished according to the energy level position of
the dopant with respect to host material: shallow dopants have binding energies around
kT and allow for thermal release of the charge carrier and deep dopants have activation
energies in the range of 0.3-0.5 eV, preventing complete ionization. In this sense, all dopants
in organic semiconductors would actually be deep, due to the large Coulomb binding energy
(caused by low permittivity, see also equation (2.1) in section 2.1). Still, molecular doping of
organic semiconductors can be more efficient than expected from inorganic theory [Pfeiffer98,
Maennig01, Werner04, Olthof09]. Reported doping efficiencies, i.e. the number of additional
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Figure 2.7: Molecular doping in organic semiconductors: p-type doping (left) and
n-type doping (right). Redrawn from [Walzer07].
charge carriers generated per dopant molecule, vary from below 1 % [Mityashin12] to 95 %
[Kleemann12a], depending on the dopant-matrix system, the doping concentration, as well as
the evaluation technique that is used.
Whereas inorganic semiconductors are typically doped by introducing covalently bound
do-pant atoms into the crystal lattice, atomic dopants are not suitable for doping organic
semiconductors. Although they are able to increase the conductivity and shift the Fermi level
of organic materials [Parthasarathy01], device stability suffers from the diffusion of such small
dopant ions. Thermally stable doping of organic semiconductors is possible using molecular
dopants, which have the dimensions of the matrix molecules preventing dopant diffusion
within the matrix. A successful approach for doping uses thermal co-evaporation of matrix
and dopant in vacuum. Even though this doping technique is already used for commercial
applications in OLED displays, the basic doping mechanism is not completely understood,
yet.
A variety of models describes different aspects of the doping process. For instance, UPS
studies tracking the Fermi level position upon changing the doping concentration show that
trap states in the energy gap are filled up with charge carriers provided by the dopants
[Tietze12, Tietze13a]. The simplified model suggested for different doping concentrations
is visualized Figure 2.8: In an undoped semiconductor (NA = 0) with hole-type traps of
density NT at a discrete energy level ET, the Fermi level EF is located between the trap
level and the LUMO. Introducing dopants with a low concentration (NA < NT), the Fermi
level shifts towards the trap level. Only when the dopant concentration exceeds the trap
density (NA > NT), the Fermi level can shift beyond the trap level, improving hole transport
by increasing the free hole density. This model explains the results obtained for various
material systems [Tietze14]. However, the assumption of a discrete energy level is a strong
simplification of the real situation, where the energy gap contains a continuous density of
(trap) states.
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Figure 2.8: Fermi level shift in an organic semiconductor with traps (trap densities
Nt, trap level Et) induced by molecular doping with an active dopant density NA:
(a) undoped organic semiconductor with a hole-type trap level: the Fermi level
is closer to the LUMO, (b) at low doping concentrations (NA < Nt) the Fermi
level shifts towards the trap level, (c) the Fermi level crosses the trap level when
the dopant density reaches the trap density (NA = Nt), and (d) the Fermi level
shifts beyond the trap level when the doping concentration exceeds the trap density
(NA > Nt). Adapted from Ref. [Tietze12].
On the other hand, doping is also observed to increase the density of intra-gap states due
to ionized dopants acting as Coulombic traps during transport of the charge carriers in the
potential landscape of ionized dopants [Arkhipov05b]. Hence, doping can decrease the charge
carrier mobility (not conductivity), as observed in doped pentacene [Kleemann12b]. However,
at high doping concentrations, the Coulomb potentials of neighboring dopants overlap,
lowering the Coulomb energy barrier for the charge carrier, smoothening the energy landscape,
and supporting the host-dopant CT dissociation [Arkhipov05a, Mityashin12]. Temperature
dependent conductivity and Seebeck investigations of doping in organic semiconductors have
revealed thermal activation energies in the range 0.4 eV for the conductivity and 0.2 eV for
the Seebeck energy [Pfeiffer98, Menke12b, Menke12a, Menke14]. These values are comparable
to the Coulomb binding energy between an ionized dopant and a free charge carrier. However,
the origin of the difference between the activation energies determined by Seebeck and
conductivity measurements is still under scientific debate.
An alternative approach for a general explanation of the mechanism of molecular doping is the
hybridization model suggested by the Koch group [Aziz07, Salzmann12]. According to that,
matrix and dopant molecules form a hybrid orbital possessing a bonding and an anti-bonding
state, which are supposed to govern the actual doping process, e.g. by electron transfer from
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a host HOMO to the hybrid anti-bonding level for p-doping. In consequence, for improving
the doping efficiency the energy splitting between hybrid-HOMO and hybrid-LUMO must
be decreased by suppressing the electronic coupling between dopant and matrix. In this
model, the low activation energy of dopants is explained by the energy levels of the hybrid
state. However, the combination of host and matrix used for experimental validation of this
model is not typical for p-type doping since the LUMO of the dopants is not expected to be
deeper than the matrix [Méndez13]. More extended discussions of this model as well as an
overview of the literature in accordance with the conventional doping model can be found in
Refs. [Menke13, Lüssem13, Tietze14]. Further investigations of doping processes are required
for a fundamental understanding of the exact mechanism of doping.
2.4 Single Carrier Devices
The mobility models presented in section 2.2 give an idea of the (many) parameters influencing
charge carrier transport in organic semiconductors. Particularly, mobility values depend on
the charge carrier density and the electric field, which are to a large extent determined by
the device geometry. For instance, the mobility is well accessible by transistor measurements
but the charge carrier densities are about two orders of magnitude larger there than e.g.
in OLEDs [Tanase04]. Moreover, the current direction in OFETs is in the substrate plane,
in contrast to single carrier devices, which allow for mobility determination of a thin film
using the same geometry as in OLEDs or solar cells, i.e. for currents perpendicular to the
substrate plane. The present section gives an overview of the experimental access to the
transport parameters via current-voltage curves of single carrier devices. Therefore, the basic
relations of the theory of space-charge limited currents (SCLCs) are introduced for an ideal,
infinitely large semiconductor, measurements using equation (2.3), the SCLC method where
the mobility can be directly determined from the current-voltage curve without knowing the
charge carrier density. Afterwards, a novel application of SCLCs for the determination of the
mobility dependence on charge carrier density and field is explained. In the last part, the
contact requirements for real single carrier devices are explained and the influence of Ohmic
contacts and charge carrier diffusion is pointed out.
2.4.1 Theory of Space-Charge Limited Currents
The method of space-charge limited currents is the basis for the determination of the mobility
from single carrier devices. In low-mobility materials such as organic semiconductors, this
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method can be applied for a direct determination of the mobility, even when traps are present.
Therefore, the following assumptions of an ideal semiconductor are made:
• Only one charge carrier type is considered.
• The charge carrier density is given by injected charge carriers, intrinsic charge carriers
are neglected.
• The semiconductor is assumed to be infinitely large, meaning that any influence of the
contacts (injection barriers, charge carrier diffusion) can be neglected and the electrical
field is zero at the injection contact.
• The material parameters are uniform throughout the device.
• Traps and Poole-Frenkel type field activation of the mobility can be considered.
Especially, the assumptions of no diffusion and no intrinsic charge carriers will be demon-
strated to be critical in Chapters 4 and 5 of this work. Nevertheless, the SCLC model
allows an intuitive access to the transport processes in semiconductor devices and analytical
solutions exist for several special cases that are presented in the following.
Different transport situations of an ideal semiconductor are shown in Figure 2.9: For Ohmic
conduction, the charge carriers pass the device driven by the applied electrical field and the
current is proportional to the applied field (voltage), as it is demonstrated in Figure 2.9a.
However, for low-mobility semiconductors (at high injection), charge carrier transport is too
slow for moving all charges away from the injecting electrode. Hence, charges pile up and
create a space charge that contributes to the external field (Figure 2.9b). It enforces charge
(a) (b)
E
T
(c)
Figure 2.9: Scheme of energy level diagrams and charge carrier densities for different
types of electron transport: (a) Ohmic conduction according to equation (2.4), (b)
SCLC in an ideal, trap-free semiconductor, and (c) SCLC with traps at a trap
energy Et below the electron transport level.
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carrier transport through the device by Coulomb repulsion. In consequence, the current
density J of a devices with layer thickness L depends on the square of the external electric
field (voltage V ), which is described by the Mott-Gurney relation [Mott48]:
J =
9
8
ε0εrµ
V 2
L3
. (2.21)
It is valid for the transport of one charge carrier type with a constant mobility and without
defects. In Figure 2.10, typical current-voltage curves of a trap-free SCLC in hole-only devices
of the polymer poly(phenylene-vinylene) are exemplarily shown.
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Figure 2.10: Current-voltage curves of hole-only devices from the polymer
poly(phenylene-vinylene) in different layer thicknesses L (symbols) fitted to the
analytical SCLC of equation (2.21) with µp = 5× 10−7 cm2/Vs and εr = 3. Inset:
device structure of the used hole-only device. Adapted from [Blom98].
Typically, organic semiconductors are affected by disorder and impurities, which create
intra-gap states. Depending on the energetic position of a trap, such states can influence
charge carrier transport by trapping free carriers. Thermal detrapping is possible if the traps
are shallow, i.e. if the energy difference between impurity and transport level is small enough
for thermal release (∼ kT ). Deep traps that do not allow for thermal release lead to charge
accumulation decreasing the conductivity. Hence, the amount of charges stored in the device
changes, affecting the current-voltage relation in a way that is subsequently discussed for
different trap types.
The simplest way to account for traps is to introduce a density of trap states NT with a
discrete energy offset from the transport level ET. As a result, the J-V curves show two
distinct voltage regimes: a trap-limited regime for low voltages and a trap-filled space-charge
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limited current (TF-SCLC) region for high voltages, which is equivalent to the SCLC of a
trap-free system and shows a J-V relation according to equation (2.21). Below a transition
voltage determined by NT, the qualitative J-V behavior is similar to the TF-SCL regime,
but with a modified mobility µ̃ < µ [Schwoerer07]:
J =
9
8
εrε0µ̃
V 2
L3
(2.22)
where µ̃ depends on NT and ET via
µ̃ =
µ
1 + NTNC exp
ET
kT
. (2.23)
A more realistic approach to account for trap states in organic semiconductors assumes a
distribution of trap states, e.g. with exponential shape according to equation (2.17). For this
distribution, an analytical relation describing the (electron-only) current under an applied
field can be derived analogously to equations (2.21) and (2.22) [Mark62]:
Jexp = eµNC,V
(
2l + 1
l + 1
)l+1( l
l + 1
εrε0
eNt
)l V l+1
L2l+1
(2.24)
with l = Et/kT (>1). In this case, the current is a power law function of the voltage (field)
with an exponent >2 due to the consecutive filling of trap states that contribute to the
electric field. Hence, the voltage regime dominated by these processes is called trap-charge
limited current (TLC). Like for a discrete trap level, the current reaches a TF-SCLC for high
voltages, which is described by equation (2.21). This behavior is demonstrated in Figure 2.11
using drift-diffusion simulations varying the trap density Nt (top) as well as the characteristic
trap energy Et (bottom) and comparing them to the analytical current-voltage relation (2.24)
and a TF-SCLC (2.21).
In case of a Gaussian distribution of traps, a similar expression can be found in the literature
[Nešp̊urek72]. However, this relation was shown to be invalid or only applicable to a narrow
energy range, where the Gaussian distribution can be approximated by an exponential one
[Paasch09].
Apart from traps, a field dependence of the mobility according to the Poole-Frenkel law
[Frenkel38] is commonly observed in organic semiconductors:
µ = µF=0 exp(γ
√
|F |). (2.25)
This behavior is attributed to a barrier lowering effect caused by an applied electric field that
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Figure 2.11: Drift-diffusion simulation of a single semiconductor layer with (colored)
and without traps (black) in comparison to the analytical TLC (dotted) and TF-
SCLC (dashed). Deviations from the analytical values are observed at low voltages,
which is due to diffusive contributions that are neglected in the analytical equations.
The slope of the J-V curves is determined by Et whereas the transition voltage
from TLC to TF-SCLC is determined by Nt.
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Figure 2.12: Frenkel effect: The Coulomb potential (solid lines) of a hopping site
is tilted by application of an external field (dashed lines), increasing the hopping
probability of a charge carrier towards one direction by lowering the potential barrier.
Adapted from [Frenkel38].
is visualized in Figure 2.12. The tilted potential (dashed line) represents the potential under
an applied field that favors transport in one direction by lowering the energy barrier to the
neighboring state. In the absence of traps, this field dependence of the mobility determines
the SCLC of the semiconductor [Murgatroyd70]. However, in combination with traps, which
is a typical situation for organic semiconductors, it becomes more difficult to distinguish
between field and trap effects and to determine the related parameters. A novel method to
circumvent this problem is presented in the next section 2.4.2.
2.4.2 Electrical Potential Mapping by Thickness Variation
Measuring the mobility dependence on the electric field and the charge carrier density is
challenging because both are correlated in the current-voltage curve. In order to determine
the mobility and its dependencies, all of them have to be known independently, ideally from
one and the same device. Typically, variations of temperature and layer thickness are applied
for that and the current-voltage curves are fitted, either by drift-only SCLC models with a
certain model describing the field and/or charge carrier dependence [Blom97, Mandoc07a], or
by numerical drift-diffusion simulations that account for a mobility function or trap states
[Pasveer05, Nicolai11]. However, in any case, a certain mobility model is assumed and shown
to fit the experimental current-voltage data. An alternative approach is the method of
electrical potential mapping, which allows for a model-free determination of the mobility as a
function of field and charge carrier density [Widmer13b].
The main idea of this method is presented in Figure 2.13: The electrical potential of two
devices with different layer thickness is identical in the common part of the devices when the
current densities are equal. There, a spatial discretization of the electric potential (applied
bias voltage) in the thickest device can be achieved by changing the layer thickness in small
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Figure 2.13: Potential mapping by thickness variation: a method for determination
of the charge carrier mobility and its dependence on electric field and charge carrier
density. Left: simulated profile of the electric potential, field, and charge carrier
density for two devices with different layer thicknesses at equal current density,
adapted from [Widmer13b]; right: sketch showing how the mobility is determined
from the spatial derivatives of the potential (giving electric field and charge carrier
density) at every position in the device from the voltage difference of devices with
different layer thicknesses. In other terms, this method uses a thickness variation to
gain the spatial discretization in the potential at equal current density. By varying
the current density, a certain range of the electric field and charge carrier density is
accessible.
steps in separate devices and measuring the voltage at equal current densities. Thus, the
field as the spatial derivative of the potential in the device is given by ∆V/∆x using the
potential difference ∆V = V (xi)− V (xi−1) and the thickness difference ∆x = xi − xi−1. In
the same way, the derivative of the field reveals the charge carrier density (via the Poisson
equation). The mobility is then directly calculated from the current density using the drift
current equation3. At each site x in the device, it can be considered a function of field and
charge carrier density at a certain current density. Drawing mobility values of different sites
and current densities in a three-dimensional diagram, the dependence of the mobility on
charge carrier density and field can be determined directly from experimental data.
The presented method is verified using model data from drift-diffusion simulations that are
described in section 3.2. It has the advantage that a possible injection barrier cancels out
3 Theoretically, diffusion currents Jdiff = −qD ∂n∂x (charge q, diffusion constant D, see also section 3.2) can
also be considered. However, they require knowledge of the third derivative of the potential, which requires
small discretization steps beyond the precision of experimental layer thicknesses.
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since only the difference of potentials is used. The requirements for the contacts that allow
for application of SCLC models to real devices are discussed in the next part.
2.4.3 Influence of the Contacts
SCLCs of single carrier devices are widely used for studying the transport properties of a single
charge carrier species in organic semiconductors [Blom97, Zhang10, Nicolai12, Pahner13].
Investigations of the parameters that influence the mobility have revealed quite general
empirical mobility models [Pasveer05] (see also section 2.2.2). The basis of working single
carrier devices is the right choice of the contact materials: Injection of the majority charge
carrier must work well enough (ideally Ohmic) so that the contact resistance does not limit the
device current and SCLCs can be observed before device heating influences the current-voltage
curve and seriously damages the devices at high currents [Fischer12]. Moreover, the extraction
contact must prevent minority carrier injection. There are two main device architectures
that fulfill these criteria: a diode with an Ohmic injection contact and a neutral extraction
contact, or a symmetric device with both Ohmic contacts (see inset of Figure 2.10).
When contacting a semiconductor with well conductive materials like metals or highly
doped transparent oxides such as indium tin oxide (ITO), the (quasi) Fermi level of the
semiconductor close to the interface is determined by the metal work function due to
vacuum level alignment. In consequence, metal-semiconductor contacts can lead to charge
accumulation limiting the device current, depending on the metal work function and the
energy levels of the semiconductor [Sze06]. Typically, organic semiconductor contacts with
metals additionally suffer from either interface dipoles, Fermi level pinning at a bulk trap
level, transport level changes due to screening from the metal, or a combination of these
effects [Ishii99, Vázquez04, Hwang09]. Hence, the interface work function can shift by 0.1 to
0.5 eV, which can significantly influence the device performance. Furthermore, evaporation
of metal contacts on top of organic materials can lead to diffusion of metal atoms into the
organic layer creating intra-gap states [Lee99].
Although Ohmic metal-organic contacts are not easy to achieve [Scott99, Mensfoort08,
Niederhausen11, Guerrero12], those problems can be overcome by surface modifications or by
using doped injection layers [Schober10, Widmer13b]. In particular, doping of contact layers
is a suitable technique to overcome contact limitations since the work function is dominated
by the semiconductor Fermi level and interface Schottky barriers are thin (∼nm) so that
charge carriers easily pass them by tunneling. In consequence, doped semiconductor-metal
contacts can be considered as Ohmic, which is important for studying device properties
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independent from the contacts and for reducing potential losses in device applications, not
only in single carrier devices but also in OLEDs or solar cells (see also section 2.5.2).
Figure 2.14: Density of trapped charge carriers vs. distance from the injection
contact obtained from numerical drift-diffusion simulations for a device with two
Ohmic contacts (solid line) and with an Ohmic and a neutral (hole- and electron-
blocking) contact (squares), the device thickness is 220 nm and the device is at 0 V.
Inset: energy level diagram scheme of the Ohmic/Ohmic device. From [Mandoc06].
Additionally, charge carrier diffusion at Ohmic contacts, which was neglected for the ideal
semiconductor in section 2.4.1, can influence the current-voltage curve so that the analytical
expressions are not applicable anymore [Bonham77, Koehler03]. Figure 2.14 shows the
(trapped) charge carrier density profile of a device with Ohmic/Ohmic or Ohmic/neutral
contacts [Mandoc06]. This profile is obtained from numerical drift-diffusion simulations since
there is no general analytical relation to this problem. Recently, an analytical relation that
considers diffusion current densities at an Ohmic injection contact was presented for a trap-
free single carrier diode [Bruyn13]. However, the current-voltage curve is especially affected
when traps are present [Kirchartz13], which is usually the case for organic semiconductors.
Nevertheless, Ohmic contacts are necessary to reach the high current densities required
for investigations of SCLCs in single carrier devices. In Chapter 4 of this work, it will be
shown how the diffusion effect can be utilized for the determination of the trap density using
numerical drift-diffusion simulations. The simulation method is described in more detail in
Chapter 3.
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2.5 Organic Solar Cells
Here, the basic working mechanism of organic solar cells is explained, starting from the basic
requirements for solar energy conversion in solar cells. The peculiarities of organic solar
cells, namely the donor-acceptor heterojunction as well as the p-i-n concept, are introduced.
An overview of possible recombination mechanisms and general solar cell characterization
completes this section.
2.5.1 Principles
Solar cells directly convert light into electrical energy. Therefore, the following requirements
need to be fulfilled:
• photon absorption
• generation of free charge carriers
• spatial separation of free charge carriers
• charge carrier extraction.
These conditions are independent from the materials used. However, the exact physical
processes are significantly different in organic and inorganic solar cells.
Semiconductors are appropriate absorber materials for efficiently using the solar energy since
they absorb light in the visible range of the solar spectrum. The solar spectrum is shown in
Figure 2.15 (red, dash-dotted line). In particular, organic molecules have large absorption
coefficients at the maximum solar photon flux, which is exemplarily shown for the small
molecule absorbers ZnPc (green solid) and C60 (blue dashed).
The absorbed photons create excitons in the semiconductor that facilitate free charge carrier
generation. Different mechanisms for charge carrier generation in solar cells are shown in
Figure 2.16. In inorganic semiconductors, excitons are typically delocalized (Wannier-Mott
excitons, see Figure 2.4a). Upon illumination free charge carriers are immediately generated
because the exciton binding energy at room temperature is smaller than kT (Figure 2.16a).
In organic semiconductors, the excitonic states are localized quasi-particles of tightly bound
electron-hole pairs (Frenkel excitons, seeFigure 2.4b) that are stable due to the high Coulombic
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Figure 2.15: Absorption of small molecule absorbers ZnPc, C60, as well as a blend
layer of both in a mixing ratio of 1:1. The solar radiation spectrum (AM1.5g) is
plotted for comparison. From [Tress11a].
(a) (b) (c)
Figure 2.16: Working principle of inorganic and organic solar cells demonstrated
using energy level diagrams: (a) inorganic solar cell with free charge carriers directly
generated upon light absorption; (b) organic flat heterojunction (FHJ) solar cell
with an exciton created in the donor layer (dashed) and a CT state at the donor-
acceptor interface (dotted); (c) effective energy level diagram of HOMO(donor) and
LUMO(acceptor) for an organic bulk heterojunction (BHJ) solar cell with CT states;
donor and acceptor phases ideally have the size of the exciton diffusion length so
that charge separation is still efficient, while charge carrier transport is possible in
the respective phases.
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binding energy (∼0.3 eV, see section 2.1). Long-range Förster transfer or Dexter transfer to
neighboring sites enables diffusive transport of excitons with a typical diffusion length of 5 to
20 nm [Lunt09, Mikhnenko12, Siegmund13]. Frenkel excitons can split at a heterojunction
of semiconductors with different energy levels [Tang86] as shown in Figure 2.16b. At the
interface, a charge transfer is energetically favorable, enabling spatial separation of the
electron-hole pair onto different molecules. The material with energetically lower LUMO is
called acceptor because it receives the electron and the one with the higher HOMO is the
donor for donating the electron, i.e. holding a hole charge carrier. Thus, the free charge
carriers lead to a Fermi level splitting just as in inorganic solar cells. The exact CT process
and especially the efficient way how the exciton binding energy of a CT state is overcome in
some donor-acceptor combinations is a matter of current debate [Grancini13, Vandewal14].
The separation of photo-generated excitons is the key step for generation of charge carriers
in organic semiconductors. In a flat heterojunction (FHJ) solar cell as shown in Figure 2.16b,
efficient exciton separation is only possible when donor and acceptor layers are thinner than
the respective exciton diffusion lengths. Otherwise, photo-generated excitons recombine
before they reach the donor-acceptor interface. However, in this case, the active layer is too
thin for absorbing all photons provided by the sun, leading to losses in the solar cell efficiency.
A popular workaround for this problem is the co-deposition of donor and acceptor material
in one blend layer so that excitons easily reach the donor-acceptor interface [Hiramoto91].
Ideally, the phase size of the two materials is in the order of magnitude of their respective
diffusion lengths. Thus, this approach allows for thicker absorber layers. In such blend
layers, charge carrier generation is competing with recombination of free charge carriers since
they are not spatially separated anymore. Therefore, the separation of free charge carriers
is achieved either by choosing selective contacts or/and by using a built-in field between
electrodes with different work functions. This mechanism is similar to charge separation in
an inorganic solar cell using a p-n junction. For further information on the working principle
of inorganic solar cells, the reader is referred to the literature [Würfel00, Sze06, Tress11a].
44
2.5 Organic Solar Cells
2.5.2 The p-i-n Concept
For organic optoelectronic devices like solar cells and OLEDs, the p-i-n structure shown
in Figure 2.17 has proven to be very convenient for spatial separation of charge carriers
(in solar cells) and charge transport. It comprises of a p-doped wide-gap hole transport
layer, an intrinsic, optically active layer, and a wide-gap n-doped electron transport layer
(Figure 2.17a). Apart from electrical properties, the p-i-n structure also allows to make use of
the optical interference pattern of the device, which is relevant because the device thickness
(∼100 nm) is usually below the coherence length of visible light. The advantages of this
structure can be summarized as follows:
• contacts are Ohmic, independent from the metal work function,
• optical properties are tunable by the thickness of the doped layers so that the active
layer is located at the standing wave interference maximum (see Figure 2.17a),
• transport losses are reduced due to the high conductivity and selectivity of doped layers,
• recombination contacts are possible, enabling stacking of several p-i-n layer structures.
Generally, this structure is suitable for all optoelectronic diodes – OLEDs as well as solar
cells with FHJ or BHJ active layers. By using p-n recombination contacts, several structures
can be stacked, like for white OLEDs [Rosenow10], tandem solar cells [Drechsel05], or even
triple solar cells [Meerheim14]. In Figure 2.17b, the energy level alignment of such a diode
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Figure 2.17: Structure of organic p-i-n diodes: (a) p-i-n diode stack with optical
interference pattern (green), (b) energy level diagram for a p-i-n diode in equilibrium
and (c) under illumination (solar cell), causing Fermi level splitting and creating an
open circuit voltage VOC.
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in equilibrium is shown. The work function difference of the doped layers creates a built-in
electric field driving charge carrier separation under illumination [Siebert-Henze14]. Upon
illumination, Fermi level splitting in the active layer in combination with selective contacts
generates an open circuit voltage VOC, making the diode a working solar cell. Meanwhile,
generation of free charge carriers is always competing with recombination. The typical
recombination mechanisms and their relevance to organic solar cells are presented in the
subsequent paragraph.
2.5.3 Recombination
Recombination of charge carriers can be a significant loss mechanism in organic solar cells.
Figure 2.18 shows different recombination mechanisms. Radiative/non-radiative recombi-
nation can be distinguished based on whether photons are emitted or not. In particular,
radiative recombination is a thermodynamic process that cannot be completely avoided. It
involves bimolecular recombination of a free electron with a free hole (Figure 2.18a) as well as
recombination of CT excitons (Figure 2.18b). Typical non-radiative recombination processes
involve trap-assisted recombination, where a trapped charge carrier recombines with a free
one (Figure 2.18c), or Auger recombination, i.e. the energy transfer to another free charge
carrier (Figure 2.18d). An overview of the recombination rates of the processes relevant to
organic semiconductors is given in the following.
In case of bimolecular or direct recombination, the recombination rate Rbm is defined by
the recombination constant β and the densities of electrons n, holes p, and intrinsic charge
E
(d)(c)(a)
hν hν
(b)
Figure 2.18: Recombination processes in organic semiconductors demonstrated in
energy level diagrams: (a) bimolecular recombination of free charge carriers, (b)
geminate recombination of a CT state, (c) indirect recombination via traps, (d)
Auger recombination (only observed in inorganic semiconductors); (a) and (b) are
typically radiative whereas (c) and (d) are non-radiative processes.
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carriers ni in the semiconductor
Rbm = β(np− n2i ). (2.26)
According to Langevin theory [Langevin03], the recombination constant in low-mobility
materials can be described by the mobilities of electrons and holes, µn and µp, respectively:
βL =
e(µn + µp)
ε0εr
. (2.27)
in units of cm3/s. Hence, the limiting process is the diffusion of charge carriers to each other
and the recombination itself is fast.
Although this model is widely used in simulations [Staudigel99, Koster05, Tress11a], β
values from experimental data are observed to be orders of magnitude smaller than the
values used in the simulations [Pivrikas07]. Therefore, various modifications have been
suggested, such as considering only the mobility of the slower charge carrier [Koster06].
Others introduce an additional prefactor (< 1) that is attributed to the nanomorphology of
the blend [Pivrikas05, Wetzelaer13]. Recently, the decreased recombination rate found in
experiments was suggested to originate from recombining charge carriers forming spin triplet
CT excitons, whose relaxation to the ground triplet state is suppressed by wave function
delocalization [Rao13].
Separation and recombination of electron-hole pairs that originate from the same photo-
excitation (excitons) has been described by the Onsager-Braun model in terms of the
dissociation probability of a CT state in an applied electric field [Onsager38, Braun84].
Although this model can explain experimental data [Mihailetchi04], doubts on the applicability
arise when considering bulk heterojunction solar cells, where the donor-acceptor interface is
not oriented in the direction of the field. Hence, the importance of this recombination model
for organic semiconductors is not yet clarified.
The most important non-radiative recombination process is trap-assisted or indirect recombi-
nation (see Figure 2.18c), which is the annihilation of electron-hole pairs when one charge
carrier is trapped. The theory describing the recombination rates for trap-assisted recombina-
tion was established in the 1950s for inorganic semiconductors by Shockley, Read, and Hall
[Shockley52, Hall52] and is therefore also called Shockley-Read-Hall (SRH) recombination. It
was recently applied to organic semiconductors [Kuik11, Kirchartz11, Tress13a] owing to the
importance of traps caused by disorder or impurities in organic materials. In this model, the
recombination is determined by the capture cross sections of electrons and holes, Cn and Cp,
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for a discrete energetic position of the trap in the gap ET = uEg (0 < u < 1):
RSRH = CnCpNT
np− n2i
Cn(n+ n1) + Cp(p+ p1)
, (2.28)
using n1 = NC exp (− (1−u)EgkT ) and p1 = NV exp (−
uEg
kT ). When assuming equal recombination
cross sections for electrons and holes (Cn = Cp ≡ CT), the equation can be simplified to
RSRH = kSRH
np− n2i
n+ n1 + p+ p1
, (2.29)
with the recombination constant kSRH = CTNT. In total, the recombination is proportional
to the charge carrier density of the untrapped charge carrier and is therefore also referred to
as monomolecular recombination.
Auger recombination as shown in Figure 2.18d is a typical loss mechanism in inorganic solar
cells at high charge carrier densities. It is a three-particle process with RAug ∝ n2p (if the
energy is taken by an electron). However, it is not relevant to organic solar cells, since the
charge carrier densities are typically lower.
2.5.4 Electrical Characterization
The key parameter for solar cell characterization is the power conversion efficiency η, which
is defined as the ratio of the power generated by the solar cell at the maximum power point
(MPP), PMPP, and the power of the incoming light, Pill. Hereby, PMPP is related to the
maximum area under the current-voltage curve of the solar cell as shown in Figure 2.19:
PMPP = IMPPVMPP (2.30)
using the current and voltage at the MPP, IMPP and VMPP. As a means to quantify
recombination losses, a fill factor (FF ) is defined by
FF =
PMPP
ISCVOC
(2.31)
with the short circuit current ISC and the open circuit voltage VOC. A larger fill factor is
preferable and indicates low recombination losses. Using equation (2.31), the efficiency can
be expressed as
η =
ISCVOCFF
Pill
. (2.32)
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Figure 2.19: Typical current-voltage curve of a solar cell in dark (black dashed
line) and under illumination (red solid), the generated power (blue dashed) is also
shown as a function of voltage with its maximum indicating the maximum power
point MPP. From Ref. [Lüssem13].
For standard characterization, illumination is usually realized with a sun simulator. However,
the spectral irradiance of a sun simulator is different from the standard solar spectrum
AM1.5g. Therefore, spectral corrections have to be carried out using a calibrated silicon
reference cell for correcting the spectral mismatch [Shrotriya06].
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Numerical Drift-Diffusion Simulations
The present chapter describes the drift-diffusion model as a simulation method between
microscopic models describing individual molecule properties and macroscopic device models
such as RC circuits. In the first section, the difficulties with microscopic simulation models are
explained as a motivation for the drift-diffusion model. The latter is introduced from drift and
diffusion currents for electrons and holes, the Poisson equation, and the continuity equation
in the second section. In this context, the Einstein relation is derived and the applicability of
the general and specific form is discussed. In the last section, details about the simulation
algorithm and the models are presented and possible correlations are clarified.
3.1 Modeling Organic Semiconductors
In order to optimize organic electronic devices, modeling of organic semiconductors on all
length scales is essential for predicting device properties from simulations. Ideally, a single
simulation tool would screen a variety of molecules, calculate their material properties ab
initio, and predict the performance of an electronic device made of this material (e.g. the
efficiency of a solar cell). Practically, this is a demanding task far beyond present modeling
and simulation methods. Current simulation methods cover only a small range of microscopic
length scales and physical complexity. For instance, Figure 3.1 demonstrates the necessary
steps and modeling techniques for determination of the charge transport properties. Such
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Figure 3.1: Workflow diagram of microscopic modeling techniques for the determi-
nation of transport properties ab initio. From [Rühle11].
a complex combination of simulations was used e.g. in recent investigations studying the
mobility of a near-infrared absorber material [Radke14].
As a first step, the three-dimensional structure of the molecule must be known. It can be
calculated using quantum mechanical approaches such as Hartree-Fock theory and is compared
to experimental data for validation (e.g. nuclear magnetic resonance measurements). Next,
the morphology must be determined. It can be calculated using molecular dynamic (MD)
simulations with force fields. Presently, the simulations rely on experimental measurements
such as (wide angle) X-ray scattering or diffraction. Thereby, the structure of molecular
crystals is well-determined due to the long-range order1. Typically, the MD simulations
reveal information on the neighboring molecules such as orbital energies and transfer integrals.
Molecular energy levels, optical properties, and reorganization energies upon charging or
interaction with the dielectric surrounding can be calculated using density functional theory
(DFT). Subsequently, the molecular energies are used for the determination of Marcus-type
hopping rates such as (2.12) for kinetic Monte-Carlo simulations. The latter simulate the
charge carrier dynamics providing the charge carrier mobility as output parameter. Then, the
mobility can be compared to experimental data, although experimental mobility determination
itself is challenging and influenced by many parameters (see sections 2.2 and 2.4).
1 For device applications, thin films are commonly used, having a large degree of disorder. In spite of the
resolution of X-ray techniques, the morphology of amorphous/nanocrystalline thin films is not generally
known because it depends strongly on the processing conditions (substrate, annealing, additives,...). For
this reason, molecular simulation studies often use crystalline materials.
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At this point, drift-diffusion simulations come into play as a link between microscopic
simulations of material parameters and more or less complex macroscopic devices. Microscopic
charge transport effects are accounted for using the charge carrier mobility or additional trap
states. The resulting current-voltage curve can be compared to measurements of real devices.
Drift-diffusion simulations are the technique of choice for combining microscopic electrical
properties of the materials with device properties by physical processes. The physics of drift
and diffusion currents is explained in the following.
3.2 System of Differential Equations
The drift-diffusion model was established for inorganic semiconductors as a means to describe
transport of free charge carriers obeying the continuity equation without mutual interactions.
When considering organic semiconductors, charge carriers are actually not completely free
but confined to a molecule and transport is happening via a hopping mechanism. For a
description with drift-diffusion simulations, charge carrier densities are assigned as mean
values with respect to the molecule density and hopping steps are considered as diffusive
processes on a continuous molecular lattice. Thus, the material parameters such as mobility
are effective parameters describing the organic properties in terms of classical semiconductors.
This is especially relevant when considering blend layers of donor and acceptor materials in
an effective medium approach, where hole transport is exclusively assigned to the donor and
electron transport to the acceptor, each with their corresponding energy levels.
Modeling is realized through a set of differential equations comprising drift and diffusion
currents of electrons, Jn, and holes, Jp, space charge effects described by the Poisson equation,
as well as the continuity equation. In one dimension, the differential equation system can be
written as:
Jn = −enµnF − (−e)Dn
∂n
∂x
(3.1)
Jp = +epµpF − eDp
∂p
∂x
(3.2)
∂F
∂x
=
e
εε0
(
p− n−N−A +N
+
D + ...
)
(3.3)
0 = −1
e
∂ (Jp + Jn)
∂x
+
∂ (p− n)
∂t
−R (3.4)
Here, n and p denote the electron and hole densities determined by the integral over DOS and
Fermi function as given in equation (2.20), respectively, µn and µp are their mobilities, and
Dn and Dp are the corresponding diffusion constants. Stationary charges such as the ionized
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dopant densities, N−A and N
+
D for p- and n-dopants, as well as possible trapped charge carriers
contribute to the electric field F via the Poisson equation (3.3). R is the total recombination
rate.
The diffusion constants are given by the Einstein relation. It can be derived by assuming
equal drift and diffusion currents in a semiconductor at equilibrium, e.g. for electrons:
enµnF = eDn
∂n
∂x
. (3.5)
Using the electrochemical potential of electrons with the constant chemical potential ξ
EnF(x) = ξ − eφ(x), (3.6)
the general Einstein relation can be gained from equation (3.5) and F = −∂φ∂x :
Dn
µn
=
nF
∂n
∂x
=
nF
∂n
∂EnF
∂EnF
∂x
=
n
−e ∂n∂EnF
. (3.7)
Obviously, the general form of the Einstein relation depends on the DOS distribution. When
n = NC exp (−EC−EFkT ), the classical or specific Einstein relation applies:
Dn
µn
= −kT
e
. (3.8)
The derivation for holes is equivalent, apart from the sign of the electrical potential (+eφ).
For disordered organic materials with a Gaussian DOS, the classical Einstein relation is only
applicable in a trap-free DOS for low charge carrier densities (<10−5NC/V) [Roichman02].
In addition, Wetzelaer et al. pointed out with experimental data that the specific Einstein
relation holds when traps are present in combination with recombination [Wetzelaer11]. The
generalized form (3.8) is valid for any DOS with charge carriers in equilibrium (see discussion
of the equilibrium conditions in section 2.2.3).
3.3 Simulation Algorithm and Modules
Extensive information on the implementation of the simulation algorithm can be found
in Ref. [Tress11a]. The simulation code is available under open source conditions at the
web address http://sourceforge.net/projects/osolsimulation/. On that web-page, an
introduction to the simulation parameters and the related variables as well as an introduction
on how to run the simulation can be found. The present section gives a brief overview of the
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implemented models and discusses possible correlations.
Algorithm. The continuity equation (3.4) is written in a transient way since the equation
system is solved using a transient algorithm [Staudigel99], which is illustrated in Figure 3.2.
For finding the steady state solution, density change rates are calculated from the electric
field using Poisson’s equation and the new variables of state are determined by choosing an
appropriate time step. This algorithm is iterated until steady state is reached, i.e. the variables
of states do not change significantly anymore. The algorithm generally allows time-dependent
simulations, which is potentially interesting for simulations of transient experiments such as
charge extraction. Therefore, a steady state solution would serve as a starting point, from
which the transient behavior upon a change in voltage can be simulated. However, transient
simulations are not part of the present work.
Mobility. The mobility can be a function of field and/or charge carrier density to account for
specific transport phenomena observed in organic semiconductors (section 2.2.2). Implemented
models include a Poole-Frenkel activation with field according to equation (2.25), Pasveer’s
parametrization from equation (2.19), different temperature dependencies, the charge carrier
density dependence caused by an exponential DOS derived in Chapter 4, as well as a
superposition of the latter with a Poole-Frenkel field dependence as applied in Chapter 5.
As an example, Figure 3.3 demonstrates the influence of the field activation parameter for a
Poole-Frenkel field-activated mobility model using the drift-diffusion simulation in comparison
to the approximated current-voltage relation for a drift-only current with the same field
activation [Murgatroyd70].
Charge carrier density and Fermi level. The charge carrier density of an inorganic, non-
degenerate semiconductor is related to the Fermi level by [Sze06]
n = NC exp
(
−EC − EF
kT
)
and p = NV exp
(
−EF − EV
kT
)
. (3.9)
It is valid for a semiconductor with an effective density of states NC/V close to the transport
level and with a Fermi level in the energy gap that is at least several kT away from the
transport energy (Boltzmann approximation). In organic semiconductors, the DOS is broad
due to static and dynamic disorder and is typically described by a Gaussian distribution. To
account for that case, the Boltzmann approximation cannot be applied and the charge carrier
density must be calculated by integration of equation (2.20) with the Fermi function and
DOSG(E) (2.14)
2. This approach is taken when the charge carrier densities are high, e.g. for
2 Repeating this integration every time the charge carrier density is needed is very time consuming. Instead,
tabulated data are utilized in this case. Furthermore, the Einstein relation is applied in its general form.
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Figure 3.2: Program flowchart showing the iterative algorithm for determination
of a steady state solution from the transient system of drift-diffusion equations used
during this work. From [Tress11a].
studying VOC of solar cells under illumination (≥1 sun) [Tress11a]. However, dark organic
devices like those studied during this work have orders of magnitude lower charge carrier
densities than inorganic semiconductors3. Thus, using the analytical form of equation (3.9)
is justified in most cases, like in the dark measurements of single carrier devices in this work.
Doping. Doping can be used as a means to increase the charge carrier density (conductivity)
and to shift the Fermi level towards the transport level. In a simplified model, every dopant
is assumed to be ionized so that the dopant concentration NA directly determines the
number of (additional) free charge carriers as well as the number of ionized dopants N−A .
Thermally activated doping can be implemented by using a prefactor to the dopant density,
exp(−EA/kT ), however, the dopant’s activation energy EA has to be specified, which is
generally not known. Therefore, the simplified doping model is used throughout this work.
In Figure 3.4, simulation data is presented showing the influence of doping on a 100 nm thick
semiconductor layer that is slightly p-doped.
Trap states. When accounting for traps in the drift-diffusion model, the free and trapped
charge carrier densities, nf and nt (pf and pt), have to be distinguished. Hence, n and p
are replaced by nf and pf in the differential equation system (3.1)–(3.4) and the trapped
3 The highest charge carrier concentrations are reached in the doped layers that are assumed to possess no
more than 1019 cm−3 free charge carriers, i.e. 100 times less than the molecule density and the Fermi level
is more than 4 kT away from the transport level.
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Figure 3.3: Simulated current-voltage characteristics of a semiconductor layer using
a field-activated charge carrier mobility according to the Poole-Frenkel model (solid
lines) as compared to the analytical, drift-only current approximation obtained for
this mobility model (dotted lines) [Murgatroyd70]. The field activation parameter γ
is varied from 0 to 0.01
√
cm/V (colors). The SCLC according to equation (2.21) is
drawn for comparison using µ = 5× 10−4cm2/Vs (black dashed line).
charges nt and pt are added to the charge in the Poisson equation (3.3). Consistently, n and
p denote the total number of charge carriers (free and trapped). Different distributions are
implemented: a single trap level dynamically described by trapping and detrapping rates as
well as static descriptions of a discrete level trap, an exponential distribution according to
equation (2.17), and a Gaussian distribution according to equation 2.14. Note that a trap
distribution effectively includes a certain charge carrier dependence of the effective mobility,
which can be calculated from the ratio of the density of trapped and total (free and trapped)
charge carriers by assuming a mobility edge that separates free and trapped charge carriers.
For example, a simulation with traps and an additional activation of the mobility by field
(Poole-Frenkel) leads to a different result than a simulation with a mobility that contains both,
the charge carrier density activation of the traps as well as the (same) field activation, because
the field gained from the Poisson equation is different, changing the (field-activated) mobility.
For the sake of consistency, the mobility should be constant when traps are considered.
Recombination. Bimolecular recombination of (free) charge carriers is always included in
the simulations. The recombination constant β is determined either from the mobility using
equation (2.27), using the modification from Koster [Koster10], or by an additional prefactor
that is set for each layer of the device. When recombination shall be treated independent
from mobility, β can also be set to a fixed value. With traps present, the recombination rate
Rbm is only determined by the free charge carriers.
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Figure 3.4: Influence of doping on the simulated current-voltage curve of a semi-
conductor layer with hole-injecting contacts: In the Ohmic conduction regime the
current is increased upon doping and approaches Ohm’s law when N−A is used as
the charge carrier density. At high voltages, the current density reaches the SCLC
described by equation (2.21) (independent of the doping concentration).
In addition, trap-assisted (SRH) recombination with the parameter kSRH can be considered
according to equation (2.29), for which equal and constant capture cross sections for electrons
and holes are assumed. Typically, the trap energy is set to the center of the energy gap, but
a different position can be set in the simulation code via the energy dependent prefactor u
described in equation (2.28). When traps are included, the free charge carrier densities are
used for determination of RSRH from equation (2.29)
4. However, the relation between trap
DOS and kSRH is not clearly defined and capture rates may be modified by the trap DOS,
which is not considered by the simplified SRH recombination model.
Contacts. Mainly, two types of contacts are distinguished: Ohmic and thermionic contacts.
Ohmic contacts are defined such that they do not limit the device current. In this case,
the charge carrier density at the contact is set equal to the charge carrier density in the
adjacent layer. It is applied to doped metal-semiconductor contacts, which are primarily used
throughout this work.
4 In most cases, traps are not positioned exactly at the mid-gap position and are distributed in energy.
Nevertheless, the states located around mid-gap recombine most efficiently so that the simplification of
the distribution to recombination via mid-gap traps is probably not too critical for determinning the
recombination rate.
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Φ
inj
E
g
Figure 3.5: Drift-diffusion simulation of a 100 nm thick semiconductor layer between
hole-injecting metal contacts, modeled by thermionic injection with different injection
barriers φinj and with the barrier lowering effect: simulation (colored solid lines),
analytical injection current (dotted), analytical SCLC according to equation (2.21)
(dashed). Inset: scheme of the metal-semiconductor-metal stack with the varied
hole injection barrier.
For thermionic contacts, typically the (non-zero) injection barrier φ
n/p
inj for the respective
charge carrier type is used to calculate the charge carrier density at the contact using a
Boltzmann activation factor
n/p(x = 0) = NC exp
−φn/pinj
kT
. (3.10)
This relation is valid when the Boltzmann distribution is applicable and φ
n/p
inj > 3kT . Other-
wise, a more general form is used that integrates over the DOS shape. When an electrical field
is applied to the semiconductor and an oppositely charged image charge can be assumed in
the metal, the energy barrier of the Coulomb potential at the interface is reduced due to the
field by ∆φinj = e
√
eF/4πε0εr. However, this barrier lowering effect relies on the condition
that the field is constant across several nanometers and it can impair the self-consistency of
the algorithm. In Figure 3.5, the effect of different injection barriers (with barrier lowering)
on the hole current through a 100 nm semiconductor layer is shown. The dotted lines indicate
the injection current Jinj(x = 0) = ep(x = 0)µpV/d. For all barriers larger than 0.3 eV, the
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injection current limits the device current in the low voltage regime, which is followed by a
transition region to an ideal SCLC at high voltages (when enough charge carriers are injected
in spite of the barrier). At 0.3 eV injection barrier, the injection current is higher than the
simulated current, indicating that the injection barrier does not limit the device current
anymore, but the Ohmic resistance of the device.
Optical excitation. For simulations of optically excited devices such as solar cells, an optical
excitation profile Gopt can be used for determination of an additional generation term G in
equation (3.4). The spatial distribution of excitons can either be specified in an input file or
it can be calculated from spectral n&k data using a transfer matrix algorithm [Centurioni05].
The latter case is realized using a software tool called osolemio5 that is implemented in
the simulation software. In BHJ solar cells, the exciton generation profile directly leads
to free carrier generation at the respective sites of the device profile. In FHJ solar cells,
one-dimensional exciton diffusion towards the interface is calculated using a separate diffusion
equation
∂s
∂t
= Gopt −Gnp −
s
τs
+
L2D
τs
∂2s
∂x2
−Rquench. (3.11)
Here, s is the exciton density at each site x in the device, Gnp is the exciton separation
rate (only non-zero at the donor-acceptor interface), τs the exciton lifetime, LD the exciton
diffusion length, and Rquench the exciton quenching rate (e.g. at the interface with a metal
contact).
5 Author and holder of rights: Mauro Furno.
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Exploiting Contact Diffusion Currents
for Trap Characterization
in Organic Semiconductors
Studying space-charge limited currents enables fundamental insight into the properties of
charge carrier transport. However, in unipolar devices with Ohmic contacts, diffusion of
charge carriers from the contacts into the intrinsic layer can dominate the current-voltage
(J-V ) characteristics, especially when the devices are thin as in organic electronic devices
(∼100 nm). When traps are present, the common approximation of drift-only trap-limited
currents (J ∼ V l+1) caused by an exponential distribution of traps is not applicable to the
determination of the trap distribution. In this chapter, it is shown by numerical drift-diffusion
simulations of unipolar devices with p-doped injection layers (p-i-p devices), how diffusion
currents affect the J-V power law depending on the intrinsic layer thickness for typical
transport parameters of organic semiconductors. As the thickness dependence of the power
law is characteristic of the trap distribution, the distribution can be determined from a simple
variation of the device thickness.1
1 The content of this chapter is published in Ref. [Fischer14].
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4.1 Motivation
The charge carrier mobility in organic thin films depends on temperature, electric field, and
charge carrier density [Bässler93, Dunlap96, Tanase03, Coehoorn05, Craciun08, Widmer13b,
Noriega13]. Studying space-charge limited currents (SCLCs) enables fundamental insight into
the properties of charge carrier transport. In particular, the Mott-Gourney relation (2.21)
allows for a straightforward determination of the mobility µ of an ideal semiconductor from
the J-V characteristics. For semiconductors possessing an exponential distribution of trap
states, the drift-only, trap-limited current (TLC) of a sufficiently thick semiconductor device
is known to have a power law dependence on voltage according to equation (2.24), p. 36. Since
the power law between current and voltage J ∼ V l+1 only depends on the characteristic trap
energy Et and temperature T (via l = Et/kT ), temperature dependent J-V measurements
are typically applied for a direct determination of Et from the power law exponent in equation
(2.24) [Anthopoulos00, Mandoc07b, Mensfoort10]. Nevertheless, the power law is observed
to depend on the intrinsic layer thickness in experimental data [Widmer13b, Nicolai11], the
origin of which is studied in the following.
In the literature, a thickness dependence of SCLCs in J-V characteristics has been reported
for organic single carrier devices [Blom05, Bisquert06], where this effect is used to discriminate
between field and charge carrier density dependence of the mobility in a drift-only scenario.
However, a possible field dependence (usually µ ∼ exp (F ) or µ ∼ exp (
√
F )) does not create
a power law in the J-V curves [Murgatroyd70]. Therefore, experimental J-V data showing a
power law relation that can be attributed to homogeneous bulk property are a clear hint for
an exponential DOS distribution determining the charge carrier transport by trapping of free
charge carriers in tail states.
However, diffusion currents commonly appearing in devices with Ohmic contacts are neglected
in the drift-only approach. Numerical approximations accounting for diffusion currents at
Ohmic contacts [Bonham77, Bonham79] require corrections to equation (2.24) for J and
V . Such a correction may be represented by the injection barrier that is reported in a
recent numerical drift-diffusion simulation study [Kirchartz13] considering devices with a
Gaussian distribution of traps as well as a built-in potential. The influence of diffusion in
organic semiconductors on injection, trapping, and transport was also studied theoretically
[Koehler03] and experimentally [Mandoc06]. Although the thickness dependence of the J-V
characteristics is emphasized in Refs. [Bonham79, Koehler03, Mandoc06], the actual power
law d(logJ)/d(logV ) of diffusion-dominated devices with an exponential trap distribution and
its dependence on intrinsic layer thickness has – to our knowledge – not yet been studied.
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Here, numerical drift-diffusion simulations are applied to investigate the thickness dependence
of J-V characteristics of a hole-only (p-i-p) device with an exponential distribution of traps
in the intrinsic layer like in the experiments of Ref. [Widmer13b]. The use of doped injection
layers with adjusted energy levels is a convenient way to prepare well defined Ohmic contacts
[Riede08]. In addition, it enables transport investigations of materials such as donor:acceptor
blend layers that do not form Schottky contacts, which prevent minority charge carrier
injection [Widmer13b]. From the J-V characteristics, a region of TLC is identified, i.e.
d(logJ)/d(logV ) > 2, which follows a power law relation according to J ∼ V s+1. The
parameter s in this relation is formally equivalent to l from equation (2.24) but is shown
to have a characteristic thickness dependence caused by diffusion currents at the Ohmic
contacts. Thus, equation (2.24) cannot be applied for evaluation of the traps in this case.
The thickness dependence of s is shown to be distinctive for the trap distribution. Moreover,
drift-diffusion simulations of varying trap distributions constitute a method to extract trap
parameters from experimental power law slopes using a simple thickness variation.
4.2 Drift-Diffusion Model
One-dimensional drift-diffusion simulations are performed based on the equations and the
algorithm described in sections 3.2 and 3.3, respectively. For an exponential trap distribution
of hole traps according to equation (2.17), the density of trapped holes pt in the tail state
distribution is given by [Lampert70]
pt = Nt
(
pf
NV
)1/l
, (4.1)
using l = Et/kT . This equation uses the step function approximation for the Fermi distri-
bution. Applying the exact Fermi distribution would introduce a prefactor [sin(π/l)/(π/l)]l
[Godlewski78], which is close to 1 here because Et is larger than several kT . For this reason,
the prefactor is neglected in the simulations.
Recombination of free holes with electron minorities is formally included according to Lange-
vin theory, however, minority charge carriers do not play a significant role in the present
calculations. The Boltzmann approximation is employed for the charge carrier occupation
statistics because the charge carrier densities of electrons and holes are generally low compared
to NC and NV, respectively.
The basic material parameters, including energy gap Eg, dielectric constant ε, electron and
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hole effective DOS NC and NV, and temperature T are chosen in a range typical for organic
semiconductors (Eg = 3 eV, ε = 4, NC = NV = 10
21 cm−3, and T = 300 K, respectively). The
thickness L of the intrinsic layer is varied from 100 to 600 nm. The p-doped layers are 30 nm
thick and are assumed to have an effective dopant density of 1019 cm−3 (= 1%NV). In all
layers, the mobility of free charge carriers is kept constant at µ0 = 10
−3 cm2/Vs for both,
electrons and holes.
4.3 Results and Discussion
The trapped holes in the tail states can be considered as immobile so that only the free charge
carriers contribute to the mobility. For this case, the effective mobility of all charge carriers
µeff is defined by [Simon85]
µeff = µ0
pf
pf + pt
. (4.2)
Using equations (4.1) and (4.2), µeff can be expressed as function of pt:
µeff(pt) =
µ0
1 + NtNV
(
Nt
pt
)l−1
.
(4.3)
When pf . pt (i.e. p = pf + pt ≈ pt), equation (4.3) can be approximated by µeff(pt) ≈ µeff(p),
or µeff(p) ∼ pl−1. Hence, an effective charge carrier density dependence of the mobility is
implicitly included in the simulations due to the trap distribution. It is compatible with
the charge carrier density dependence of the mobility found before in organic semiconductor
materials possessing an exponential density of states [Vissenberg98, Ramachandhran06]. In
Figure 4.1, simulation data are shown in comparison to the analytical form of the charge
carrier density dependent mobility of equation (4.3) with the approximation µeff(pt) ≈ µeff(p).
The simulation results would not change when a direct charge carrier density dependence of
the mobility according to equation (4.3) was used instead of the explicit trap distribution
introduced by equation (4.1), as long as p Nt. However, free and trapped charge carriers
would not be distinguishable in that case.
Simulated J-V characteristics for trap parameters Et = 0.15 eV and Nt = 10
18 cm−3
are shown in Figure 4.2 with varied intrinsic layer thickness. An initial Ohmic region
(J ∼ V ) is observed at low voltages (visible for the devices with L = 100 nm and 200 nm for
V < 0.1 V). At medium voltages, it is followed by a region of TLC (d(logJ)/d(logV ) > 2) that
can be fit by a power law [Koehler03] according to J ∼ V s+1 (dashed lines). This behavior
evolves into a regime of trap-filled SCLC at the highest current densities. The exponent of the
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Figure 4.1: Effective mobility according to equation (4.2) vs. density of free and
trapped holes from simulations (colored symbols from different layer thicknesses) and
equation (4.3) using the approximation µeff(p) (solid line). Significant differences
arise only at high charge carrier densities when most traps are filled and p/Nt ≈ 0.1.
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power law in the simulation s+ 1 is reduced in comparison to the exponent of the analytical
relation for a drift-only TLC (l + 1), which is independent of the intrinsic layer thickness
(dotted lines). This discrepancy is especially high for thin devices, but remains significant for
thick devices (see also Figure 4.4). It is attributed to diffusion which is neglected in the TLC
model and has the strongest impact on thin devices [Bonham77, Koehler03, Mandoc06].
Figure 4.3 shows the density profiles of free and trapped holes for different intrinsic layer
thicknesses. Diffusion of free holes from the p-doped layers into the intrinsic layer dominates
the hole density in these devices at equilibrium (0 V) because the intrinsic density of free
holes ni is several orders of magnitude lower. For instance, using n
2
i = NCNVexp (−Eg/kT ),
ni is the range of 10
−4 cm−3 for the parameters used in this study (compared to 1019 cm−3
in the doped layers). Furthermore, the electron density is even below ni, so that minority
charge carriers are negligible. For the parameters used here, the dominance of holes holds
on for devices with intrinsic layers thicker than 1µm. The distance that charge carriers
can diffuse into the sample is mostly determined by the difference between charge carrier
density in the doped and (isolated) intrinsic layer. The latter is given by Eg as well as the
recombination constant, meaning that for small energy gaps or large recombination constants,
electron densities may become significant.
Additional holes diffusing from the doped layers into the intrinsic layer contribute to the
conductivity of the layer [Rosny92] and determine the J-V curve in the Ohmic region, e.g.
for the 100 and 200 nm device in Figure 4.2. The three orders of magnitude difference in
current can be attributed to a different free hole density in the center of the device: The
ratio between the minima of pf in the 100 and 200 nm curves in Figure 4.3 is about 1000,
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i.e. in the same order of magnitude as the relative conductivity change. On the other hand,
the occupied traps do not contribute to the trap filling upon application of a forward bias
anymore. They “hide” the deepest trap states. Therefore, only the trap states that are
unoccupied at equilibrium (0 V) can build up an additional space-charge and contribute to
the field creating the power law relation for different bias voltages. That means, the number
of charge carriers originating from the diffusion contacts and from injection are in the same
order of magnitude. In consequence, the power law J ∼ V s+1 relation seems more shallow
than expected from equation (2.24) that considers only injected charge carriers. Analyzing
the TLC slope with s = l would characterize only the traps which are not filled by diffusion
at equilibrium and lead to an underestimation of the trap distribution.
The situation with doped injection layers is similar to a device with Ohmic metal-semiconduc-
tor contacts. In the simulation with p-doped injection layers, the difference to Ohmic
metal-semiconductor contacts is the interface charge carrier concentration at the metal
contact, which is defined by the charge carrier concentration in the doped layers (N−A )
instead of the effective density of states (NC/V). The results of this simulation compare to
previous results [Koehler03] achieved with Ohmic metal-semiconductor contacts on both sides.
However, the use of doped injection layers has the experimental advantage that the charge
carrier concentration is defined. This is not necessarily the case for a metal-semiconductor
contact since the interface is dominated by the alignment of metal work function and organic
transport level, which are usually not known precisely, and modeling of such an interface is
challenging.
Figure 4.4 shows the influence of charge carrier diffusion on the power law exponent fit to
simulated J-V curves. Different trap distributions are used, which are typical for organic
semiconductors [Maennig01, Mandoc06, Mandoc07b]. For all distributions, a monotonous
increase of the power law exponent with increasing L is observed. It approaches the analytical
TLC value l + 1 for thick devices, however, even for the thickest devices shown, s is about
15-20% smaller than l due to diffusion. At a given intrinsic layer thickness L, the power law
exponent increases with increasing Et. In the same way, augmenting the trap density Nt leads
to a stronger power law. Regarding the thickness dependence, the saturation region for thick
devices in Figure 4.4 is determined by Et, whereas Nt rather defines the shape of the power
law exponent for thin devices. This characteristic thickness dependence of the J-V power
law can be used to characterize the trap density from measured J-V curves. In other terms,
the differences in charge carrier density (and Fermi level) for different intrinsic thicknesses
are employed for determination of the DOS. Therefore, the device geometry with two Ohmic
injection contacts is especially suitable because the influence of diffusion is stronger than in
devices with only one Ohmic contact (compare Ref. [Mandoc06]).
67
4 Exploiting diffusion currents at Ohmic contacts for trap characterization
 2
 4
 6
 8
 0  100  200  300  400  500  600
P
o
w
e
r 
la
w
 e
x
p
o
n
e
n
t 
s
+
1
Intrinsic layer thickness d (nm)
Et=0.2 eV, Nt=10
18
 /cm
3
Et=0.15 eV, Nt=10
18
 /cm
3
Et=0.1 eV, Nt=10
18
 /cm
3
Et=0.15 eV, Nt=3x10
17
 /cm
3
Et=0.15 eV, Nt=3x10
18
 /cm
3
Figure 4.4: Thickness dependence of the power law exponent as extracted from
simulated J-V curves for different trap parameters of an exponential distribution.
The according horizontal lines mark the analytical TLC value (l + 1).
Note that s does not depend on µ0 of the intrinsic layer for variations over several orders of
magnitude. Varying µ0 shifts the current density values accordingly, but the power law stays
unchanged (data not shown). Therefore, the determination of the trap distribution from an
experiment is not affected by the mobility value chosen for the simulation. Further input
parameters for the simulations are Eg and the carrier density in the doped layers, both are
typically known in the experiment. Like the mobility, they influence J , but an impact on the
power law is not observed upon moderate variations (in the range of the experimental errors).
The only free parameters are Et and Nt which can be gained from the thickness dependence
of the power law exponent. In Chapter 5.3, this method is applied to experimental data.
4.4 Conclusion
In summary, charge carrier transport in organic semiconductors possessing an exponential
trap distribution is investigated in unipolar devices with Ohmic contacts using numerical
drift-diffusion simulations. The effective mobility dependence on charge carrier density
is determined for the exponential distribution. Moreover, the exponent of the power law
between current and voltage is shown to depend on the intrinsic layer thickness of the device
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because of charge carrier diffusion from the contact layers (modeled by p-doped injection
layers) into the intrinsic layer. Since the thickness dependence of the power law exponent
is characteristic of the trap distribution, the latter can be determined by the thickness
dependence of the power law. The present investigations are in accordance with recent
findings [Koehler03, Mandoc06, Garcia-Belmonte08, Kleemann12c, Burtone13, Bruyn13]
demonstrating the significance of diffusion currents for the device performance of organic
semiconductors, which must be considered for device characterization, especially when traps
are present.
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Transport Characterization
of Donor-Acceptor Blend Layers
Highly efficient organic solar cells typically comprise donor-acceptor blend layers facilitating
effective splitting of excitons. However, the charge carrier mobility in the blends can be sub-
stantially smaller than in neat materials, hampering the device performance. Currently, there
are no mobility models giving a parametrization of the dependence on charge carrier density
and electric field for blend layers. In this chapter, the transport properties are investigated for
a model blend system consisting of the small molecule donor zinc phthalocyanine (ZnPc) and
the acceptor fullerene C60 in various mixing ratios as well as for a high efficiency blend layer
consisting of the thiophene donor material DCV2-5T-Me33 and C60. The respective blend
layer is sandwiched between doped organic injection layers, which prevent minority carrier
injection and enable studying hole-only and electron-only currents. For hole transport in
ZnPc:C60 devices, diffusion currents at the doped-intrinsic interface as described in Chapter 4
are employed for the characterization of exponential tail states from a thickness variation
of the blend layer using numerical drift-diffusion simulations. In conjunction with results
obtained by potential mapping [Widmer13a], a combined field and charge carrier density
dependent mobility model is developed1. Moreover, it is shown for a 1:1 blend layer that
trap-assisted recombination must be considered to correctly model the conductivity behavior.
The investigations of ZnPc:C60 blend layers are completed by an exemplary section about
electron transport in devices with a 1:1 mixing ratio. In the last section of this chapter, the
transport in blend layers comprising the high efficiency DCV material analyzed, whereas the
hole transport is shown to be described by Pasveer’s mobility model for neat layers.
1 The content of sections 5.1 to 5.3 are published in Ref. [Fischer15b].
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5.1 Motivation
In donor-acceptor blend layers, the charge carrier transport can be substantially different
from neat layers due to the complex energetic and morphologic situation. Often, the charge
carrier mobility is reported to decrease by orders of magnitude as compared to neat layers
[Proctor14]. A comprehensive picture describing transport for different material classes
and mixing ratios does not exist. Theoretical studies analyze the charge carrier density
and field dependence of the mobility in blend layers depending on the composition and the
average domain size [Koster10] as well as the influence of a second transport level at low
charge carrier concentrations [Woellner13]. However, the transport model by Pasveer et al.,
being established for neat materials, fails in the case of blend layers at high electric fields
[Koster10]. Presently, there is no mobility model available that consistently describes the
mobility activation by field and charge carrier density in blend layers.
Recently, the hole and electron mobilities of donor-acceptor blend layers of zinc phthalocya-
nine (ZnPc) and fullerene C60 were determined from space-charge limited current (SCLC)
measurements of unipolar devices with doped injection contacts [Widmer13a, Widmer13b].
Using a novel potential mapping method, a Poole-Frenkel type field dependence of the mobility
was observed, as well as a charge carrier density dependence in the case of a mixing ratio of
1:2 [Widmer13a]. However, numerical drift-diffusion simulations using this field dependent
mobility are not able to reproduce the experimental current-voltage curves of these devices.
Thus, a more detailed mobility model is required.
In this chapter, the thickness-dependent current-voltage (J-V ) characteristics of blend layers
are evaluated for ZnPc:C60 in different volume mixing ratios from 2:1 to 1:100 as well as
for DCV2-5T-Me33:C60 (2:1) with respect to electron and hole transport. Details on the
experimental procedures are given in section 5.2. All devices are built and measured in
collaboration with Johannes Widmer, who determined the field and charge carrier density
activation of the mobility using potential mapping [Widmer13a]. Here, the data is evaluated
with respect to the device conductivity and SCLC in order to create a consistent mobility
model for transport in these blend layers. In particular, a thickness-dependent power law
relation is identified from the SCLC region of J-V curves of the hole-only ZnPc:C60 devices.
Assuming that the device and especially the density of states (DOS) is isotropic2, the
power law dependence on intrinsic layer thickness can be used to determine the density and
characteristic energy of an exponential distribution of tail states by employing numerical
2 That means that morphological changes for different layer thicknesses are neglected, which is reasonable
because surface related modifications are expected to happen on the scale of several nm and the devices are
much thicker, here.
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drift-diffusion simulations as described in the previous chapter. In section 5.3, this simulation
method is applied to rather balanced mixing ratios (2:1, 1:1, and 1:2). As derived in
equation 4.3, trapping of charge carriers in the tail states causes an effective charge carrier
density dependence of the mobility. Moreover, the charge carrier density dependence (obtained
from simulations) and the field activation of the mobility (determined by potential mapping)
are combined to a novel mobility model that consistently describes the measured mobility
dependence on field and charge carrier density as well as the current-voltage curves. The
obtained DOS distributions and the underlying physical processes are discussed for different
mixing ratios and compared to literature data.
Independently, the Ohmic region of the 1:1 data, which is taken as an example, can only
be modeled correctly when recombination via deep traps is allowed. Referring to this, the
simulations point out the influence of minority charge carriers, which cannot a priori be
neglected in these devices due to the comparatively small effective gap between the ionization
energy (IE) of the donor and the electron affinity (EA) of the acceptor.
In section 5.4, hole transport in C60-rich blend layers is studied for mixing ratios of 1:6
and 1:100. The model assumptions made for the balanced mixing ratios are discussed
in conjunction with experimental J-V data of the fullerene-rich ZnPc:C60 blend layers.
Subsequently, the same approach is exemplarily applied to electron transport in a 1:1 blend
layer.
Apart from the model system ZnPc:C60, where hole transport is dominated by hole traps, the
transport properties of the DCV2-5T-Me33:C60 (2:1) blend layer are studied in section 5.6.
This material forms highly efficient blend layers for organic solar cells [Meerheim14].
5.2 Device Fabrication
Unipolar devices comprising a donor-acceptor blend layer are produced as described by
Widmer et al. [Widmer13b]. For studying hole transport in a ZnPc:C60 blend layer in a
unipolar geometry, the blend layer is sandwiched between p-doped ZnPc layers (CreaPhys),
doped with 2 wt% F6-TCNNQ (Novaled), ensuring Ohmic contact properties at the interface
to the organic material [Riede08]. In the case of blend layers comprising the high efficiency
material DCV2-5T-Me33 (Synthon), the transport layers are made of a BPAPF (Lumtec)
matrix doped with 5 wt% NDP9 (Novaled). Electron transport is studied in an n-i-n geometry,
respectively, using n-doped C60 (CreaPhys) layers, doped with 5 wt% W2(hpp)4 (Novaled).
The blend layer consists either of the donor-acceptor system ZnPc co-evaporated with C60 in
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volume ratios of 2:1, 1:1, 1:2, 1:6, and 1:100, or of DCV2-5T-Me33:C60 in a mixing ratio of
2:1. For contacting to the p-doped layers, a bilayer of 10 nm gold and 50 nm silver is used
and, for the n-doped contacts, a single aluminum layer of 100 nm. The complete stack is
shown in Figure 5.1 for hole-only transport in ZnPc:C60. All materials (including the metals)
are deposited by thermal evaporation onto a glass substrate in ultra high vacuum at a base
pressure of approx. 10−7 mbar. Using quartz crystal micro-balances for each material, the
layer thicknesses and the mixing ratios are controlled with an estimated accuracy of 10 %
in the layer thickness. The devices are approximately square shaped with an active area of
6.44 mm2 or with four different areas between 0.884 and 6.44 mm2. Typically, the intrinsic
layer thickness is varied from about 100 to 500 nm using a wedging tool (Kurt J. Lesker
Company). The measured current-voltage curves deviate by less than a factor of 1.5 when
applying negative bias, confirming the high degree of symmetry of the devices.
5.3 Hole Transport in ZnPc:C60 Blends with Balanced Mixing
Ratios
5.3.1 Current-Voltage Measurements
The dependence of the current density J on the voltage V is investigated for devices with
varying intrinsic layer thickness L and for different ZnPc:C60 mixing ratios. The results
for the mixing ratios of 2:1, 1:1, and 1:2 are depicted in Figure 5.2 for selected intrinsic
layer thicknesses. For all mixing ratios, the J-V curves show two main features: an Ohmic
conductivity regime (J ∝ V ) at low voltages and a pronounced power law region (J ∝ V s+1)
in the SCLC regime. In the following, the measurements are evaluated with respect to the
Ag 50nm
p-ZnPc 30nm
2wt% F6-TCNNQ
Au 10nm
Ag 50nm
Au 10nm
p-ZnPc 30nm
2wt% F6-TCNNQ
ZnPc:C
60
(x:y)
d
Figure 5.1: The p-i-p device stack comprising an intrinsic layer of ZnPc:C60, the
thickness L of which is varied for different mixing ratios ranging from 2:1 to 1:100.
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thickness dependence of these two regimes for the mixing ratios presented here. From the
analysis of the thickness dependence, the necessary model assumptions are derived that are
utilized for drift-diffusion simulations in the next step.
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Figure 5.2: Selected J-V curves of p-i-p devices with varying thickness L of the
intrinsic ZnPc:C60 layer with an active area of 3.625 mm
2 and for mixing ratios of
2:1, 1:1, and 1:2. The Ohmic conductivity relation (dashed), the SCLC according
to Child’s law (dotted), and the diffusion dominated, trap-charge limited current-
voltage power law [Fischer14] (solid) are shown as guides to the eye.
Ohmic Regime
From the Ohmic regime, the conductivity σ of the intrinsic layer is deduced from the product
of J/V and L (the conductivity of the doped layers is orders of magnitude higher [Olthof12]
and is not affecting the data). The resulting conductivity values are shown in Figure 5.3
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Figure 5.3: Conductivity σ (top) and power law exponent s+ 1 (bottom) fitted to
the J-V measurement data of p-i-p devices (Figure 5.2) for the different ZnPc:C60
mixing ratios and for all intrinsic layer thicknesses under investigation. The power law
slope is only shown when fitting the data in an unambiguous way (i.e. independent
of the voltage) is possible.
(top) for the three mixing ratios under investigation. With increasing intrinsic layer thickness,
the conductivity drops by several orders of magnitude and saturates at a value around
3× 10−10 S/cm. Divergent data points are attributed to experimental deviations from the
nominal layer thickness.
The high conductivity of the thin devices can be explained by hole diffusion from the p-doped
layers into the intrinsic layer (see also Figure 4.3 or Ref. [Koehler03]). These additional holes
locally increase the hole density in the intrinsic layer (close to the doped layers), increasing
the conductivity of the device. With increasing L, the central region is less populated with
charge carriers from the doped layers, leading to a decline in the device conductivity.
The conductivity saturation for thick devices requires an intrinsic charge carrier concentration3
to be present for conduction, which is not due to charge carrier diffusion, but a property of
the intrinsic layer. When assuming Ohm’s law and a hole mobility of µ = 3× 10−7 cm2/Vs as
found for the hole mobility in ZnPc:C60 (1:1) devices at low fields [Widmer13b], the intrinsic
3 In this context, the term “intrinsic” refers to the undoped layer that is achieved in the experiment, in
contrast to an idealized, trap-free semiconductor that is used for the drift-diffusion simulation.
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charge carrier density ni is expected to be in the range of ni = 5 × 1015 cm−3. Generally,
there are various possibilities where these charge carriers may originate from:
• Firstly, they could be intrinsically present. However, for an ideal semiconductor to reach
an intrinsic charge carrier density of ni = 2× 1015 cm−3, the transport energy gap would
be only 0.63 eV 4. That seems to be too low for an effective medium consisting of ZnPc
(IE: 5.1 eV) [Tietze13b] and C60 (EA: 4.0 eV) [Yoshida13], i.e. having an effective energy
gap of 1.1 eV. Thermal excitation of charge transfer states (CTs) neither provides an
explanation for the small transport gap since CT energies measured in this material
system [Tietze13b] are similar to the energy gap.
• Secondly, the charge carriers might originate from unintentional background doping,
e.g. free charge carriers provided from defect molecules. However, doping would lead to
filling of intra-gap states [Tietze13a] that is in contradiction to the observed power law
slopes at large bias voltages. In the case of trap filling upon doping, the J-V relation
should show a trap-free current (high doping concentration). Otherwise, if the doping
concentration would be low, doping would not significantly increase the free charge
carrier density because the additional charge carriers occupy deep trap states. Moreover,
the typical conductivity for undoped ZnPc of σ < 10−10 S/cm [Nayak13] is slightly below
the saturation value determined here. However, in the blend layer with an effective gap
of 1.1 eV, the intrinsic charge carrier density (and hence the conductivity) is expected
to be higher than in the neat material, in agreement with the measurement results. In
contrast, typical conductivity values for oxygen doped organic layers are in the range
of 10−7 S/cm [Nayak13], which is more than an order of magnitude higher than the
conductivity observed here. Hence, oxygen doping can be excluded as an origin for
background doping.
• Finally, the conductivity saturation might arise from an additional generation and
recombination pathway caused by intra-gap states acting as recombination centers (in
contrast to direct “band-to-band” recombination). The details of this model are given in
section 5.3.2. This idea is supported by the results of drift-diffusion simulations shown
in section 5.3.3 exemplarily for the 1:1 mixing ratio.
Comparing different mixing ratios of thin devices in Figure 5.3, a continuous decrease in
conductivity is observed with decreasing ZnPc content. Although such a decrease is expected
as the amount of available hopping sites for holes is reduced [Koster10], it cannot be explained
only by the different amount of ZnPc in the blend layers of thin devices. For example, at
4 Using n2i = NCNV · exp(−Eg/kT ) with NC and NV of 1021 cm−3 at room temperature.
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100 nm intrinsic layer thickness, the volume ratio increases from 1:2 to 2:1 by a factor of
two (33 to 66 %) whereas the conductivity changes by nearly two orders of magnitude. A
possible reason for the strong dependence of the conductivity on the mixing ratio is a charge
carrier density dependence of the mobility, which is caused by energetic disorder. Indeed,
we show in section 5.3.3 that the mobility depends on the charge carrier density due to an
exponential tail of the DOS. Hence, the mobility (and conductivity) is strongly influenced by
charge carrier diffusion at the interface between doped and intrinsic layer. For thick blend
layers, the conductivity values of different mixing ratios approach each other, suggesting a
physical origin independent of the hole mobility, which is discussed in conjunction with the
simulation results.
SCLC Regime
The power law observed for high applied voltages is fitted with J ∝ V s+1 in those cases
where it is possible in an unambiguous way. In particular, thin devices (. 100 nm) can hardly
be evaluated in the SCLC regime because they do not withstand the high current densities
necessary to reach space-charge limitation.
The dependence of the exponent s + 1 on the intrinsic layer thickness L is visualized in
Figure 5.3 (bottom) for the three mixing ratios under investigation. A continuous increase of
s with intrinsic layer thickness is observed as well as a saturation for the thickest devices. The
highest value of the exponent, s+ 1 = 5.2, is reached in the 1:1 mixing ratio. From Chapter 4,
it is known that the power law relation between current and voltage is characteristic of an
exponential trap distribution. It is formally equivalent to J ∝ V l+1 describing drift-only
SCLCs that are dominated by an exponential trap distribution [Mark62], with l = Et/kT
determined by the characteristic trap depth Et. Furthermore, it was shown in Chapter 4
of this work that charge carrier diffusion at the Ohmic contacts influences the power law,
causing s to be thickness dependent. Since the thickness dependence of s determines the
exponential trap distribution (Figure 4.4), numerical drift-diffusion simulations with varying
trap parameters (Nt and Et) are performed in the following.
5.3.2 Drift-Diffusion Model
Numerical drift-diffusion simulations as described in Chapter 3 are carried out for devices
with different intrinsic layer thicknesses in order to model the current-voltage characteristics
of the p-i-p devices at room temperature (T = 300 K) in both, SCLC and Ohmic regime. To
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account for the SCLC behavior, different mobility models are tested: a Poole-Frenkel type
activation of the mobility with electric field according to equation (2.25), a charge carrier
density activation caused by an exponential distribution of traps as shown in equation (4.3)
for µeff(p), and a superposition of both. In the first part, the thickness dependence of the
J-V power law (Figure 5.3) is used to determine the distribution of exponential trap states.
It is shown that the charge carrier density activation dominates over the field activation in
the J-V characteristics in the voltage range accessible to the experiment. However, only a
superposition of both, field and charge carrier density activated mobility, enables modeling
of the experimentally found power law and of the mobility µ(F, p) obtained from potential
mapping for the 1:1 device [Widmer13b]. In the second part, the conductivity behavior
is modeled for the 1:1 mixing ratio with and without a trap-assisted recombination term,
explaining the observed conductivity behavior.
We model a p-i-p device with Ohmic contacts with 30 nm thick p-doped layers that are
assumed to have an effective dopant density of 1019 cm−3 (≈ 1%NV(ZnPc)). The intrinsic
layer is a blend modeled as one effective medium with an effective energy gap of 1.1 eV (i.e.
assuming IE(ZnPc) of 5.1 eV [Tietze13b] and EA(C60) of 4.0 eV [Yoshida13]). The blend layer
thickness is varied from 50 nm to 500 nm in 50 nm steps. The relative permittivity ε is 4.3
for the blend layer (determined from impedance measurements) and 4.0 for the doped layers
(value for ZnPc[Burtone12a]). The effective density of states is determined by the molecule
density5 and is set to NC/V(ZnPc) = 1.6 × 1021cm−3 in the p-doped ZnPc layers and, in
the blend layer, the material composition of ZnPc:C60 (X:Y ) is taken into account by using
NV(ZnPc) =
X
X+Y ·1.6×10
21cm−3 and NC(C60) =
Y
X+Y ·1.4×10
21cm−3. The nominal charge
carrier mobility is kept constant at a value of µ0 = 10
−3 cm2/Vs for both, electrons and holes.
Electron tail states and/or a field activation of the electron mobility – although probably
present – are not considered here to keep the model as simple as possible and because they
are not expected to have much influence in the p-i-p devices. The electron mobility for C60 is
chosen in the range of literature values for intrinsic C60 [Li06], without including any specific
trap distribution. Investigations of electron transport in n-i-n devices are subject of the
section 5.5. The hole mobility value refers to the zero-field mobility determined for ZnPc
from field-effect transistors [Maennig01].
In the blend layer, the hole mobility is effectively reduced by an exponential distribution of
trap states described by equation (2.17). Using detailed balance, the density of trapped holes
in the trap state distribution is given by equation (4.1). The trapped holes in the tail states
5 The molecule density can be calculated by ρNAv/M with the mass density ρ, the Avogadro constant
NAv and the molar mass of the molecule M . The following values are used: ρ(ZnPc) = 1.55 g/cm
3,
M(ZnPc) = 578 g/mol, ρ(C60) = 1.63 g/cm
3, and M(C60) = 721 g/mol.
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are considered as immobile so that only the free charge carriers contribute to the effective
mobility (compare equation (4.2)). Furthermore, the effective hole mobility can be expressed
by equation (4.3) describing the charge carrier density activation of the hole mobility caused
by intra-gap states. Thus, the assumed electron mobility of µ0 = 10
−3 cm2/Vs is higher than
the effective hole mobility, as long as hole densities are moderate and fields are low.
In addition to the influence of the charge carrier density, the mobility is reported to be
field-activated according to the Poole-Frenkel relation (2.25). Such a field activation may
be caused by the release of transport-relevant charge carriers from a trap state. In the
drift-diffusion simulation, the field activation of a hopping step is per se not considered
because it uses a continuum approach that does not allow to consider single charge carrier
hops but only the ensemble of all charge carriers. However, it can be accounted for by
using a field dependent mobility function. For the ZnPc:C60 (1:1) blend layer, the field
activation parameters are µF=0 = 7.9× 10−9 cm2/Vs and γ = 0.01
√
cm/V [Widmer13b]; for
the 2:1 and 1:2 mixing ratios, µF=0 = 1.2× 10−8 cm2/Vs and γ = 0.014
√
cm/V, as well as
µF=0 = 6.8×10−9 cm2/Vs and γ = 0.007
√
cm/V, respectively [Widmer13a]. Additionally, in
the 1:2 mixing ratio, a strong charge carrier density dependence (µeff(p) ∝ p4.0) is observed at
high hole densities as well as a weak charge carrier density dependence at low hole densities
(fw(p) ∝ (p/1016 cm−3)1.3), which is a prefactor to the field dependence. The weak charge
carrier density dependence is neglected here for simplicity because it is not known for all
mixing ratios and it has only a minor impact on the actual mobility (see also Figure 5.6)6.
For simulations accounting for both, field and charge carrier density activation, we use a
superposition of the two models (equations (4.3) and (2.25))
µeff(F, p) = µeff(F ) + µeff(p). (5.1)
In this model, the field and charge carrier density activation are independent processes that
can support charge carrier transport in such a way that the better mechanism (i.e. higher
mobility) dominates the transport properties. Such a transition between the mobility being
dominated by field and by charge carrier density was previously described in the same material
system for a mixing ratio of 1:2 [Widmer13a]7 and agrees with the statement from Koster et
al. [Koster10] that “factorization of field and density dependences is no longer possible” in
blend layers at high fields (> 105 V/cm). Indeed, equation (5.1) will be shown to reproduce
the experimental results in the following section.
6 The influence on the mobility value is less than a factor of two at typical charge carrier concentrations
within one order of magnitude around 1016 cm−3, which is well in the range of the considered values.
7 Actually, J. Widmer used a maximum function [Widmer13a] instead of the summation used here. However,
a superposition is more physical because it smoothens the transition.
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Recombination of free holes with free electrons is included in the simulation according to
equations (2.26) and (2.27). Trap-assisted recombination according to Shockley-Read-Hall
(SRH) theory is additionally accounted for, as described by equation (2.29), where mid-gap
traps are assumed as well as equal recombination cross sections for electrons and holes. The
assumption of mid-gap traps is a reasonable approximation in the first order since mid-gap
traps are the most efficient recombination centers and give the largest contribution to the
recombination current, even when further (shallow) traps are present. Assuming equal
recombination cross sections has the advantage that trap-assisted recombination is described
by a single constant kSRH, which is varied in a range of typical values from 10
5 to 109 s−1
in the simulation. The SRH recombination term is added to the continuity equation as an
additional generation/recombination term. It does not affect the SCLC region of the J-V
curve (see also Figure 5.7). However, it turns out to be essential for the Ohmic region of
thick devices, when the electron and hole densities are rather balanced.
5.3.3 Modeling Results
Density of State Distribution
Simulations using an exponential trap distribution are carried out for all three mixing
ratios. The DOS distributions are determined by varying the trap parameters within
Et = 0.10− 0.15 eV and Nt = 1017 − 1019 cm−3 and comparing the power law slopes to the
experimental data. In Figure 5.4, the thickness-dependent power law exponent is shown for
the simulations (solid lines) that best represent the experimental data (symbols), using the
parameters Et = (0.12/0.14/0.11) eV and Nt = (1.8/1.2/2.0)×1018 cm−3 for the (2:1/1:1/1:2)
mixing ratio, respectively. Here, Et is determined by the slope value for large thicknesses and
Nt by the shape of the increase at small layer thicknesses (see also Figure 4.4), so that both
parameters are unambiguously determined. The given parameters reproduce the experimental
power law change with intrinsic layer thickness with extraordinary accuracy (estimated error:
0.01 eV for Et and 3 × 1017 cm−3 for Nt), which is more precise than the accuracy of the
power law slopes obtained from the experimental data. The highest Et and lowest Nt is
obtained for the 1:1 mixing ratio, as will be discussed in section 5.3.4.
For comparison, the charge carrier density dependence of the mobility obtained from evaluation
of the data for 1:2 mixing ratio with potential mapping [Widmer13a] is determined to be
µeff(p) ∝ p4.0 at high charge carrier densities. Using equation (4.3), the exponent is related
to Et = 0.126 eV, in good agreement with the trap energy determined here for this mixing
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Figure 5.4: Power law slope extracted from simulated J-V curves of different layer
thicknesses using the exponential trap distribution named in the text for each mixing
ratio (solid lines) in comparison with experimental data from Figure 5.3 (symbols).
The dashed lines show the power law exponent l + 1 for a drift-only trap-limited
current with the according exponential trap distribution as given in equation (2.24).
ratio.
Mobility Model
How is the exponential trap distribution related to the field-activated mobility found by
potential mapping? For finding an appropriate mobility model, simulated current-voltage
data of the 1:1 mixing ratio are shown in Figure 5.5 using the mobility functions introduced
in section 5.3.2. After a strong increase with voltage (SCLC), all curves show a decrease
in the J-V slope for currents > 104 mA/cm2, indicating trap filling and reaching of the
trap-filled space-charge limited current regime (TF-SCLC, J ∝ V 2). The dashed lines show
the simulation results using only the field-activated mobility µeff(F ) using the parameters
found in Ref. [Widmer13b] (from the J-V data shown in Figure 5.2, center). For this
purely Poole-Frenkel-type mobility, the J-V curve does not show the characteristic power
law observed in the experimental data and the current densities are orders of magnitude
too low, especially for the thin samples. Thus, the field dependence alone cannot reproduce
the experimental data. The experimentally observed power law behaviour is achieved by
assuming an exponential distribution of hole traps as described in the previous paragraph
(Figure 5.4), the J-V curves of which present as straight lines in Figure 5.5 (dotted lines).
The question arises how these two models can be combined. The common transport model
for neat layers, the Pasveer model, uses a product of field and charge carrier density activated
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Figure 5.5: Simulated J-V curves for the 1:1 mixing ratio using different mobility
functions: a field-activated mobility µeff(F ) (dashed) with the activation parameters
from Ref. [Widmer13b], an exponential trap distribution with Nt = 1.2× 1018 cm−3
and Et = 0.14 eV (dotted), and a superposition of field and charge carrier density
activated mobility according to equation (5.1) (solid) for intrinsic layer thicknesses
of 50, 250, and 450 nm.
terms. However, this approach is not applicable for blend layers at high fields [Koster10].
Furthermore, it is not consistent with the Poole-Frenkel mobility model obtained from
potential mapping since the field dependence of lg(µ) is rather linear in Pasveer’s model (in
contrast to the square root dependence of the Poole-Frenkel model). Alternatively, a linear
superposition of the mobility models according to equation (5.1) is used here. The respective
simulation data is shown in solid lines in Figure 5.5. The resulting J-V curves are similar to
those using the exponential DOS and show the same power law slope. The small offsets in
the TF-SCLC regime of the thick samples result from the approximation made for describing
the trap DOS by an effective mobility µeff(p) using equation (4.3). However, this regime is
not reached in the experiment and does not affect the evaluation here.
For validation of the combined mobility model from equation 5.1, Figure 5.6 shows the
mobility model used in the simulations (solid lines) versus hole density (free and trapped) and
electric field in comparison to the results of the potential mapping evaluation of experimental
data (symbols). Additionally, the contributions of the field-dependent mobility term and
the charge carrier density dependent one is shwon as dashed and dotted lines, respectively.
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equation (4.3) (dotted lines).
The experimental mobility data gained from potential mapping of J-V curves is pooled for
the given field and charge carrier densities within a range of 2× 103 V/cm for the field and
2× 1014 cm−3 for the charge carrier density. In Figure 5.6, the good agreement of model and
experimental data verify the correctness of the model. In the parameter range accessible by
experiments, the field activation is pronounced, whereas the charge carrier density dependence
can only be suspected. The latter cannot be resolved by the mobility measurement using
potential mapping for the present data [Widmer13b], because the range of accessible charge
carrier densities was too small and because the calculated charge carrier density is particularly
sensitive to fluctuations of the measurement data as a result of using the second derivative of
the potential in that method (see also section 2.4.2).
To conclude, a combined mobility model comprising a linear superposition of a field activation
determined by potential mapping as well as a charge carrier density activation determined
by simulations of the power law slope describes the hole transport properties in the SCLC
regime of ZnPc:C60 blend layers.
Ohmic Regime
In order to model the Ohmic conduction regime, drift-diffusion simulations including traps
are evaluated exemplarily for the 1:1 mixing ratio with and without accounting for SRH
recombination. In Figure 5.7, the calculated J-V curves are shown for purely direct (Langevin)
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Figure 5.7: Simulated J-V curves for the 1:1 mixing ratio with an exponential trap
distribution with Nt = 1.2 × 1018 cm−3 and Et = 0.14 eV with and without SRH
recombination (kSRH = 10
7 s−1) for intrinsic layer thicknesses from 50 to 450 nm.
recombination (dashed lines) and additional SRH recombination (solid lines). The power
law regime is not affected by the recombination model because hole injection and trap filling
dominate the J-V curve in this regime. However, significant differences arise in the Ohmic
regime: Without SRH recombination, the current density (and hence the conductivity)
decreases with increasing intrinsic layer thickness because it is limited by the hole density (see
also section 5.3.1). In the simulations with SRH recombination, the same trend is observed for
thin devices. For intrinsic layer thicknesses larger than 150 nm, the Ohmic current becomes
independent of the device thickness when additional SRH recombination is considered.
The conductivity σ = JV L extracted from the simulations with and without SRH recombination
is shown in Figure 5.8 in comparison to the experimental data. For both simulations, the
conductivity drops with increasing intrinsic layer thickness over several orders of magnitude
up to an intrinsic layer thickness of about 200 nm. This conductivity drop is qualitatively
reproduced by both simulations. The differences to the experimental data are attributed to
the simplified exponential DOS of the simulation, which does not describe the situation at
high hole densities (i.e. thin devices) exactly. However, this regime is not in the focus of this
work. With additional SRH recombination, the conductivity saturates for thicker devices at
around 3× 10−10 S/cm (solid line). In contrast, there is no saturation of the conductivity
with layer thickness observable for the simulations with only direct recombination in the
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conductivity range shown (dashed line).
Generally, an increase of the bimolecular recombination constant could have a similar effect
on the conductivity saturation, but a conductivity saturation is not found for recombination
constants increased by up to a factor of 106 and the recombination constant of blend layers
is rather expected to be smaller than predicted by Langevin recombination [Pivrikas07].
Moreover, the exponential density of tail states determined for this blend layer reaches
deeply into the gap. In particular, mid-gap traps are well known to provide a recombination
pathway described by Shockley-Read-Hall theory [Kuik11]. The assumption of trap-assisted
recombination happening only via mid-gap traps is a simplification of the real scenario because
the distribution of trap states is reduced to a discrete mid-gap state, through which the charge
carriers recombine. Still, this simplified picture allows to reduce a complex recombination
process to a single model parameter that enables estimating the order of magnitude of
the recombination. To conclude, recombination via mid-gap states is significant for the
current-voltage characteristics of these devices since the experimental conductivity saturation
is only reproduced well by the simulation that considers additional SRH recombination. Here,
the conductivity saturation is described best by a recombination constant kSRH = 10
7 s−1, in
agreement with investigations of the same material system in solar cells [Tress13a, Burtone13]
and other organic semiconductors [Mandoc07b, Bisquert08].
The profiles of recombination and charge carrier density inside a device are shown in Figure 5.9.
They demonstrate the origin of the conductivity saturation in simulations with additional SRH
recombination: In the case of Ohmic conduction (solid line), there are regions of positive and
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Figure 5.9: Recombination profile (top) and charge carrier density profile (bottom)
of the simulation with SRH recombination for an intrinsic layer of 250 nm at 0.8 V
(Ohmic conduction, solid) and 10 V (SCLC, dotted), holes are injected at x = 0.
negative recombination rates (around 55 and 210 nm, respectively), indicating recombination
and generation zones in the device. Charge carrier pairs are generated close to the extraction
contact (Figure 5.9, bottom), where the electric field peaks (not shown). There, the field pulls
the holes out of the device while electrons move in the opposite direction, contributing to the
device current. Especially, the electron density in the center of the device is higher than the
free hole concentration, which is visualized in the bottom graph. They even constitute the
major current in the center of the device because their effective mobility is higher than the one
of the (mostly trapped) holes. Hence, the recombination and electron conduction causes the
saturation in the conductivity for thick intrinsic layers. In contrast, at high voltages (dotted
lines), the hole concentration in the bottom graph is larger than the electron concentration.
Consequently, the recombination rate is small, as shown in the top graph for a high applied
bias voltage. Therefore, the SCLC regime is not affected by the electron conduction (see also
Figure 5.8). Comparing the densities of trapped and free holes in the intrinsic layer, one can
see that most of the holes are trapped, especially at small applied voltages.
In summary, the saturation of the Ohmic conductivity upon increasing intrinsic layer thickness
is explained by increased recombination and local contributions of electrons to the device
current in the center of thick devices. This model is in contradiction to the typical assumption
made in unipolar devices, which neglect minority charge carriers completely. However, the
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investigation of donor-acceptor blend layers causes some differences to single carrier devices
made of a neat material: Firstly, the effective gap is small (1.1 eV), enhancing recombination
and the intrinsic charge carrier density. Additional recombination or generation via deep
states is particularly strong because of low activation energies (0.55 eV for a mid-gap trap).
Secondly, electron and hole mobility can vary significantly according to donor and acceptor
materials. Here, the electron mobility is two to three orders of magnitude higher than the
hole mobility due to the influence of traps. In consequence, the transport in blend layers can
happen in a completely different way than in neat materials and minority charge carriers
do matter. In fact, even Ohmic contacts do not guarantee minority-free devices because
minority charge carriers may be thermally generated inside the device. The presence of these
local electron currents might explain a further phenomenon observed in the literature, such
as the apparent increase of the hole mobility of P3HT:PCBM films with increasing PCBM
concentration [Mihailetchi05].
Comparison Simulation and Experiment
Having determined the parameters from the power law and the conductivity regime, the
resulting simulation data are now compared to the experimental data in Figure 5.10 for
selected device thicknesses. The agreement between experiment and simulation is best in
the device with 350 nm intrinsic layer thickness, which is well described in both regimes. For
the device with 150 nm intrinsic layer thickness, the simulated current density deviates up
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Figure 5.10: Simulated J-V curves (lines) of different layer thicknesses in com-
parison to selected experimental data (symbols) with a mixing ratio of 1:1. The
simulation model uses an exponential trap DOS as well SRH recombination with
the parameters named before.
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to a factor of 10. Note that the simulation parameters are not determined by any fitting of
experimental J-V curves, but only by the thickness dependence of the power law and the
conductivity region.
Concerning the conductivity region, the emphasis of the simulation model is on the saturation
regime for thick layers, which is well represented by the simulations for intrinsic layer
thicknesses of 250 nm and 350 nm. In the 150 nm device, the conductivity is strongly influenced
by charge carrier diffusion from the doped layers. Hence, this region is very sensitive to the
transport parameters of the doped layers as well as the degree of trap filling. The deviations
in this region for thin devices can – for instance – be attributed to the simplifying assumption
of a constant mobility model in the doped layers or to the uncertainties in the description of
the high charge carrier densities present in thin devices. In particular, the DOS that only
consists of the exponential tail states might not be correct at high charge carrier densities,
where the DOS might be better described by a Gaussian DOS. Another error source is the
assumption of the effective DOS being given by the molecule density, which is typically
used as a free parameter when studying transport models by fitting of J-V curves. Further
investigations of (many) thin devices would be necessary to clarify the transport-relevant
processes at high charge carrier densities. Simulations accounting for a more complex DOS
(e.g. comprising of a Gaussian combined with exponential tail states) would significantly
increase the calculation effort as well as the number of free parameters. For this reason, the
focus of the presented transport model is on the saturation of the conductivity as observed in
the experimental data.
In the power law region, the slopes of experimental data and simulation are well comparable.
Small offsets in the current density of the thin devices can be related to the differences in the
Ohmic conductivity for the reasons just discussed. Comparing experimental and simulation
data, it can be seen that the TF-SCLC regime is not reached in the experiment and does not
influence the evaluation of the power law slope. Altogether, good agreement of simulation
and experimental data is obtained without fitting of J-V curves.
5.3.4 Discussion
Figure 5.11 summarizes the model developed to describe the transport in the presented blend
layers in an energy scheme as well as a DOS diagram for the three mixing ratios under
investigation in comparison to previously reported trap distributions for the same blend
system. The red shaded area refers to the same material system in p-i-n solar cells with a 1:2
ratio, where the number of trapped charge carriers was estimated by impedance spectroscopy
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Figure 5.11: Left: simplified density of states model used for simulations of the
1:1 blend layer: exponential tail states at the hole side and recombination via deep
states in the energy gap. Right: DOS of trap states obtained for the 1:1 mixing
ratio in comparison to Refs. [Ray10, Burtone13].
measurements of the illuminated sample to be at least 6×1016 cm−3 with trap energies deeper
than 0.4 eV [Ray10]. This value compares very well to the integration of the exponential tail
in that region that gives a value of 5.3× 1016 cm−3. The Gaussian DOS (dashed black line)
was determined before for solar cells with a 1:1 mixing ratio using impedance spectroscopy of
unilluminated samples [Burtone13]. It can be seen that the exponential tail is close to the
Gaussian peak at the peak energy of about 0.45 eV off the transport level. The difference
in the DOS shape can be understood by comparing the methods used (dark impedance
spectroscopy [Burtone13] and p-i-p devices here): The shape of the Gaussian was determined
by the capacitance-frequency plot that strongly depends on the Fermi level position in the
device. In a mostly depleted device like a solar cell in the dark, the Fermi level is close to
mid-gap and only the states close to the Fermi level contribute to the impedance signal.
Hence, the DOS can only be described in this energy range. In the present study of p-i-p
devices, the Fermi level is closer to the hole transport level due to diffusion of holes from
the doped layers into the intrinsic layer, so that the accessible energy range is extended.
Therefore, the results are consistent in the energy range they cover.
Concerning the exponential distribution of the tail states for holes, this distribution seems
to be characteristic for ZnPc:C60 blend layers. For instance, such an exponential tail was
also observed in ultraviolet photoelectron spectroscopy of ZnPc:C60 blend layers [Tietze13b].
However, a direct comparison of the distributions is not possible because spectrometer counts
would have to be related to the effective DOS and the position of the IE with respect to
the transport level is not defined. Moreover, different phthalocyanine thin films have also
been studied using the drift-only TLC model [Mark62] with DOS parameters in the same
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range (NiPc: Et = k · 1165 K= 0.10 eV and Nt = 7.57 × 1017 cm−3 [Anthopoulos00] and
ZnPc:C60(1:1): Et = 0.14 eV and Nt = 5× 1017 cm−3 [Li11]). Deviations in the trap density
can be related to different assumptions for the effective DOS NV.
Furthermore, exponential tail states have recently been described when modeling charge
transport processes in polymers with large lattice disorder (in terms of paracrystallinity
described by a disorder parameter g) [Noriega13]. In this work, it was observed that in
the case of large lattice disorder, the latter determines the DOS distribution regardless of
the energetic distribution of transport sites. Hence, the presence of exponential tail states
in ZnPc:C60 blend layers suggests that the transport limiting processes in small molecule
semiconductors are similar to polymers at high lattice disorder.
Lattice disorder may also explain the differences between the exponential DOS distributions
for the three mixing ratios: in the 1:1 ratio, the density of deep intra-gap states (below 0.4 eV)
is the highest, because the disorder is largest for this ratio. For the 2:1 and 1:2 ratios, the
deep states are decreased, however not in a homogeneous way, which might be attributed to
differences in the shape of the molecules or in the molecular mass causing slightly different
molar ratios.
In summary, the analysis of p-i-p devices using drift-diffusion simulations with the mobility
parameters extracted from potential mapping represents a valuable method to describe charge
carrier transport and study the effect of tail states acting as trapping or as recombination
sites.
5.4 Hole Transport in Fullerene-Rich ZnPc:C60 Blends
In the blends studied in the previous section, the probability to find closed percolation
pathways is high due to the rather balanced molecule mixing ratios used. Thus, the donor
molecule density was used as an effective density of states for hole-type charge carrier transport
and the acceptor molecule density for electron transport. This section investigates the hole
transport properties of blend layers with low donor content using the same p-i-p structure
as described in section 5.3. Although fullerene-rich blend layers of ZnPc and C60 are not of
interest for highly efficient solar cells, they yield reasonable power conversion efficiencies and
are physically interesting for understanding the transport processes when the percolation
network is thin. For the volume mixing ratios 1:6 and 1:100 studied here, the average distance
between nearest donor molecules assuming homogeneously mixed phases is only 1.8 and 4.4
molecules, respectively. Hence, the question arises whether the simplified model of an effective
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semiconductor determined by hole transport in the donor phase and electron transport in the
acceptor phase is still applicable, or whether the acceptor molecules somehow contribute to
the hole current with the donor molecules acting as trap states with respect to the acceptor
hole transport level.
The idealized DOS model of a two phase blend layer with a Gaussian broadening of both levels
is demonstrated in Figure 5.12. This model was used in a recent Monte-Carlo simulation
study [Woellner13] investigating the mobility in a two phase system by varying the shape
of the two Gaussian distributions, the mixing ratio, the domain size, and the electric field.
For equal phase fractions of donor and acceptor, the authors found that the energetically
favorable Gaussian dominates the mobility when the offset energy is large (≈ 1 eV). In
contrast, this paragraph aims for studying the effect of highly diluted blend layers for hole
transport. Therefore, experimental J-V curves are qualitatively analyzed in the context of
the transport model derived in the previous section.
5.4.1 Results and Discussion
Figure 5.13 shows the measured J-V curves of p-i-p devices with selected intrinsic layer
thicknesses representing the range of investigated devices for the ZnPc:C60 volume mixing
ratios of 1:6 and 1:100 as well as a pure C60 layer instead of the blend. In all curves, an
Ohmic device current is observed (J ∝ V ) at low voltages. With increasing bias voltage, the
current of the blend layers shows an SCLC similar to the devices with higher ZnPc content
presented in Figure 5.2. In particular, the 1:6 and 1:100 blend layers show a qualitatively
similar J-V characteristics that is only shifted in the current density according to the ZnPc
content in the blend. In contrast and most remarkably, the control device with a pure C60
layer instead of the blend does not show an SCLC region. Its Ohmic conductivity is more
than two orders of magnitude lower than the one of the 1:100 blend layer with equal intrinsic
layer thickness. Hence, the hole transport in dilute blend layers is only determined by the
amount of ZnPc present.
SCLC Regime
Considering the SCLC of the devices with blend layers, a strong dependence of J on V is
observed (usually stronger than J ∝ V 2). The gray line marks an electrical power density of
10 W/cm2 that was found to be a lower electrical power limit before self-heating significantly
influences the device current [Fischer12]. In thin devices, the SCLC slopes are well represented
92
5.4 Hole Transport in Fullerene-Rich ZnPc:C60 Blends
Figure 5.12: Double Gaussian DOS representing one transport level in a two phase
blend layer, from Ref. [Woellner13]. In the case of hole transport in ZnPc:C60 blend
layers, σ1 would correspond to the HOMO distribution of the ZnPc molecules and
σ2 to the HOMO distribution of the C60 molecules, Eoffset is about 1.3 eV.
by a power law over a certain voltage range whereas a clear power law fit is difficult for the
thick devices as it will be discussed in the following. Since the influence of the intrinsic layer
thickness on the J-V curves is strongest for thin devices (L ≤ 150 nm), those are investigated
in more detail for the 1:100 mixing ratio.
Figure 5.14 shows the J-V curves of thin devices with a mixing ratio of 1:100. In devices with
L ≥ 50 nm, the SCLC region shows a steep slope at the highest voltages, which is increasing
with increasing intrinsic layer thickness and reaching a maximum slope s + 1 = 9.5. This
power law region indicates the presence of an exponential trap distribution. From the slope
maximum, Et can be estimated to be at least 0.21 eV, which is significantly larger than the
parameters of the balanced mixing ratios (see also Figure 5.15)8.
In the J-V curves of the thick devices in Figure 5.14, there is an intermediate region between
Ohmic and steep slope SCLC where the SCLC slope depends on the voltage range used.
This regime is compared to an approximated relation for a drift-only current density with a
8 Note that some J-V curves with a mixing ratio of 1:6 (Figure 5.13) also show a second, steep slope region
at the highest voltages just like it is observed for the mixing ratio of 1:100. However, this part cannot be
evaluated since there are too few data points for fitting a power law.
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Figure 5.13: J-V curves of p-i-p devices with selected intrinsic layer thicknesses for
ZnPc:C60 mixing ratios of 1:6 (top) and 1:100 (center) as well as pure C60 (bottom)
with an active area A = 6.44 mm2. Analytical relations are plotted as a guide to
the eye for Ohmic conduction (dashed), SCLC according to Child’s law (dotted),
and the operation limit of the electrical power density of 10 W/cm2 (gray solid).
field-activated mobility according to equation (2.25) [Murgatroyd70]
J =
9
8
εrε0µF=0
V 2
L3
exp
(
0.891γ
√
V
L
)
. (5.2)
This relation is shown in dotted lines for L = 50 nm and L = 100 nm using the parameters
µF=0 = 3.6 × 10−9 cm2/Vs and γ = 0.005
√
cm/V determined from the same devices by
potential mapping with ε = 5.0 [Widmer13a]. The analytical relation reproduces the J-V
data for devices with L ≥ 150 nm in the intermediate region (Figure 5.13, analytical lines
not shown). For thinner intrinsic layers (Figure 5.14), the absolute current values of the
approximation relation deviate from the measured data while the SCLC increase with voltage
is still comparable to the measurement data. The differences can be explained by diffusion
94
5.4 Hole Transport in Fullerene-Rich ZnPc:C60 Blends
10
-4
10
-2
10
0
10
2
10
4
10
-2
10
-1
10
0
10
1
10
2
C
u
rr
e
n
t 
d
e
n
s
it
y
 J
 (
m
A
/c
m
2
)
Voltage V (V)
1:100
30nm
40nm
50nm
60nm
70nm
80nm
90nm
100nm
J~V 
s+1
50nm 100nm
Figure 5.14: J-V curves of p-i-p devices with thin intrinsic layers for a ZnPc:C60
mixing ratio of 1:100. The solid lines show fits to a power law (J ∝ V s+1), the dotted
lines show relation (5.2) for a drift-only current density with field-activated mobility
using the field activation parameters determined by potential mapping [Widmer13a],
and the gray line indicates the electrical power density limit of 10 W/cm2.
currents that are not considered in the approximation relation and that strongly increase
the charge carrier density in thin devices. For the same reason, the Ohmic regime cannot be
reproduced by the approximation relation. Neither is the steep power law region obtained
since traps are not considered. Altogether, the intermediate region of the 1:100 data can be
interpreted to be dominated by the field-activated mobility that was determined by potential
mapping before. Analogously, the J-V curves of the 1:6 mixing ratio can be related to a
field-activated mobility using µF=0 = 2.7×10−8 cm2/Vs and γ = 0.0065
√
cm/V [Widmer13a]
for the devices with the thickest intrinsic layers (data in Figure 5.13, relation (5.2) not shown).
This observation is in contrast to the balanced mixing ratios treated in section 5.3, where the
J-V characteristics were not influenced by the field activation of the mobility (but by the
charge carrier density activated mobility caused by tail states).
At this point, the physical meaning of the field-activated mobility is discussed for the
blend layers investigated so far. It has been shown that the field-activated mobility mainly
determines the J-V characteristics of thick, fullerene-rich devices where the hole density is
low. In contrast to blend layers with balanced mixing ratios, the transport-relevant holes
are more likely to be trapped in the fullerene-rich blend layers. Traps have been shown to
influence the J-V characteristics of the balanced blends, hence, they are expected to limit the
charge transport particularly in the fullerene-rich blend layers. Hence, the field dependence of
the mobility might be interpreted as a field-activated charge carrier release from a trap. The
fact that the thin devices of Figure 5.14 (L ≈ 50 nm) rather show a charge carrier density
activated current is consistent with this idea, as the energy difference between initial and
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destination site of a charge carrier hop is smaller at a higher charge carrier density. Thus, the
J-V curves of the devices with rather balanced mixing ratio are not influenced by the field
activation because a higher molecule density allows for higher hole density making trap-release
processes irrelevant for efficient charge carrier transport. Furthermore, this interpretation
of the field-activated mobility can also explain the observed decrease of the field activation
parameter with decreasing ZnPc content [Widmer13a] in the blend layers: the lower the ZnPc
content, the higher is the probability for a charge carrier to be deeply trapped and the release
to be relevant for charge transport. In other terms, with shallow traps present, the transport
is less field dependent than with deep traps, because charge carriers can be thermally released.
However, with deep traps only few charge carriers are free and the release of a charge carrier
from a trap is essential for the device current, even when the field activation parameter is
low, i.e. charge transport is already enhanced at low fields when the traps are deep (or the
molecule density is low).
For further comparison of the mixing ratios, the power law slopes and conductivity values are
summarized in Figure 5.15 for all mixing ratios under investigation. The power law increase
with increasing intrinsic layer thickness for a mixing ratio of 1:100 occurs at thinner devices
and with a stronger slope as compared to the balanced mixing ratios. In terms of DOS, a
steep power law slope corresponds to a large Et and hence more deep intra-gap states in the
1:100, which is reasonable considering the strong dilution of the donor.
To conclude, the hole transport in the fullerene-rich devices can still be explained by the
mobility model suggested for more balanced mixing ratios, i.e. by a field and a charge carrier
density dependent mobility term.
Ohmic Regime
Concerning the thickness dependence of the conductivity, the current density is decreasing
with increasing intrinsic layer thickness in thin devices for all mixing ratios. The less ZnPc
is contained in the blend layers, the faster is this decay. In section 5.3, such a decay was
explained by charge carrier diffusion from the p-doped contact layers into the intrinsic blend
layer, which is consistent with the observations for the fullerene-rich blend layers. Moreover,
the Ohmic conduction regime of thick devices is similar for all mixing ratios, independent of
the device thickness. This effect was already observed for the devices with balanced mixing
ratios in the previous section. It was explained by the presence of electrons, which dominate
the current in the center of the blend layer at low voltages. Generally, this explanation is
also reasonable for the C60-rich blend layers studied here because the fast electron transport
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Figure 5.15: Conductivity σ (top) and power law exponent s+1 (bottom) extracted
from J-V measurements of p-i-p devices at varying layer thickness for all ZnPc:C60
mixing ratios under investigation (Figure 5.2, 5.13, and 5.14).
within the C60 phase is not expected to depend strongly on the ZnPc content. In between
these two regimes, a minimum is additionally observed in the fullerene-rich blend layers,
which continuously shifts towards thicker devices with increasing ZnPc content. Thereby, the
respective thickness marks the device thickness beyond which electrons significantly contribute
to the current. For the 1:100 mixing ratio, the minimum is already at an intrinsic layer
thickness L = 125 nm. That means holes are majority charge carriers only within ∼ 60 nm
from the doped-intrinsic interface (V ≈ 0 V), before intrinsic electrons become relevant. Due
to hole traps, the electrons may locally constitute the majority charge carrier type (see also
Figure 5.9). Only at high forward bias voltages, hole injection can make a thick device mostly
hole populated so that the hole DOS determines the J-V characteristics as seen in the power
law.
Furthermore, drift-diffusion simulations as carried out for the balanced mixing ratios would
be helpful to check the validity of the presented transport model in the fullerene-rich blend
layers. However, the strong dilution of the donor in the fullerene causes NV(ZnPc) in the
blend layer to be two orders of magnitude lower than in the doped layers. The discontinuity
in the hole density at this interface leads to strong convergence problems of the simulation
algorithm because the latter is based on the continuity of the electronic properties.
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In summary, the conductivity of ZnPc:C60 blend layers decreases continuously with decreasing
ZnPc concentration in the blend; this trend holds true even for very dilute donor concentrations
like 1:100. In agreement with the transport model suggested for rather balanced mixing
ratios, charge carrier transport in blends with dilute donor concentrations is suggested to
happen via donor states as long as the hole concentration is high, i.e. at high voltages (SCLC)
or when the devices are thin enough to be filled by diffusion from the doped layers into the
intrinsic layer. From the results, it seems improbable that significant hole transport occurs
on C60 molecules, however, electron transport on C60 can be important in thick devices at
low voltages.
5.5 Electron Transport in ZnPc:C60 (1:1)
Having studied hole transport in ZnPc:C60 blend layers extensively in the recent sections,
electron transport is now exemplarily investigated in a ZnPc:C60 blend layer with a mixing
ratio of 1:1. For electron injection, n-doped C60 layers are used instead of p-doped ZnPc
(described in detail in section 5.2) so that the devices have an n-i-n structure. The measured
J-V curves are compared to the field-activated mobility as determined by potential mapping.
Subsequently, the mobility model obtained for hole transport in blend layers is discussed with
respect to its applicability to electron transport.
5.5.1 Results and Discussion
Measured J-V curves of selected intrinsic layer thicknesses are presented in Figure 5.16
(symbols). Firstly, the current densities are 1-2 orders of magnitude higher as compared to
the p-i-p devices with the same blend layer (Figure 5.2, center), indicating that the electron
mobility is higher than the hole mobility. This result agrees well with electron and hole
mobilities measured in OFETs for this blend [Pfuetzner11].
SCLC Regime
For the devices with 50 nm and 100 nm intrinsic layer thickness, the SCLC region of the
current-voltage curve can be fitted with a power law (J ∝ V s+1) using slopes of 1.3 and 2.5,
respectively. Hence, the transport properties are influenced by exponential tail states, just as
the hole transport in p-i-p devices. Although the trap parameters cannot be determined from
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Figure 5.16: J-V curves of n-i-n devices for a ZnPc:C60 mixing ratio of 1:1. The
solid lines are fits to a power law (J ∝ V s+1). Moreover, the dotted lines show
relation (5.2) for the presented layer thicknesses using the field activation parameters
from potential mapping.
just two values, the slope saturation value is expected to be higher. The lower limit of the
trap energy is given by 0.039 eV, which would be very shallow compared to the p-i-p devices.
Indeed, the slope values compare well to the p-i-p devices having the same intrinsic layer
thickness so that the actual trap energy might be higher. Since this shape is only observed
for the thin devices, it is most relevant to the current at high charge carrier densities. Either,
the traps are related to the DOS of C60, or, the electron DOS is possibly influenced by the
ZnPc LUMO. Assuming that the tail states are caused by spatial disorder, the DOS for tail
states might be similar for electrons and holes so that the tail states extend far into the
energy gap. Hence, electrons could be transported in the tail states of the ZnPc LUMO at
high electron densities. In conclusion, electron transport of the thin devices is also influenced
by exponential tail states making the mobility charge carrier density dependent. With the
present data, it was not possible to resolve a certain charge carrier density dependence by
potential mapping (see also section 2.4.2 or section 5.3.3).
In devices with thicker intrinsic layers (L > 100 nm), a power law is not observed. Instead,
the J-V characteristics of the thickest devices follows the drift-only J-V relation for a field
dependent mobility (5.2) using µF=0 = 1.1× 10−6cm2 /Vs and γ = 0.013
√
cm/V obtained
by potential mapping [Widmer13a]. This relation is represented by the dotted lines for the
same thicknesses as the measurement data (increasing from left to right). Apart from the
two thin devices, relation (5.2) reproduces the experimental data well (above the Ohmic
regime). Furthermore, a combined mobility model with a field and charge carrier density
dependent term, as suggested for hole transport in devices with balanced mixing ratios, seems
reasonable also for describing the n-i-n devices. It is noted that the field dependence of the
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mobility from potential mapping could also be fitted with Pasveer’s mobility model (2.19)
using σG = 0.2 eV and a = 7.2 nm. Calculating the J-V curves with these parameters shows
reasonably good agreement with the experimental data, however, convergence problems of
the simulation algorithm9 prevent further interpretation. In any case, if Pasveer’s mobility
model is applicable, the Gaussian DOS is very broad so that tail states may be approximated
by an exponential distribution. Hence, the interpretation that traps states are important for
the electron transport in ZnPc:C60 blend layers holds true.
Comparing the field activation of the Poole-Frenkel mobility parameters to those obtained
for the p-i-p devices, the field activation parameters are equal in the range of the evaluation
error (γ = 0.0112
√
cm/V for hole transport [Widmer13a]), whereas the mobility prefactor is
by more than two orders of magnitude larger in the n-i-n devices as compared to the p-i-p
ones (µF=0 = 6.8× 10−9cm2 /Vs for p-i-p). A possible origin for the field activation might
be the field assisted release of trapped charge carriers as discussed for the p-i-p devices is
section 5.4. Altogether, the combined mobility model with a field and a charge carrier density
activation term according to equation (5.1) is applicable to electron transport, too, whereas
the field dependence determines the J-V characteristics.
Ohmic Regime
The Ohmic conduction regime of the J-V curve decreases continuously with increasing
intrinsic layer thickness as expected. In Figure 5.17, the conductivity values determined from
the J-V curves are presented for all thicknesses under investigation. With increasing intrinsic
layer thickness, an initial decrease is observed, which can again be attributed to charge
carrier diffusion from the doped layers into the intrinsic one. However, in contrast to the
p-i-p devices, the conductivity decrease is weaker (only about two orders of magnitude). It
saturates around 4× 10−8 S/cm for layer thicknesses larger than 250 nm, i.e. the thick devices
are about 130 times more conductive than the p-i-p devices. This result is in agreement with
the mobility values at low fields that differ by about the same factor. Furthermore, the charge
carrier density enabling the conductivity saturation in the ZnPc:C60 (1:1) blend layer is the
same for electrons and holes, ni = 5× 1015 cm−3. The conductivity saturation was shown
9 The simulations of n-i-n devices using Pasveer’s mobility model have a convergence problem caused by
fluctuations in the charge carrier density at the injection contact (interface between metal and doped C60). I
guess that the this problem is related to the transient algorithm in combination with the neutrality condition
determining the charge carrier density at the last discretization point of the device. The convergence problem
does not influence the current-voltage characteristics as the current is constant over the intrinsic layer.
However, it extends the calculation times significantly. As the convergence issue could not be fixed within a
reasonable time frame, extended variations of the mobility parameters in order to fit the experimental data
were not possible at this point.
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in section 5.3 to originate from thermal generation and recombination of charge carriers via
mid-gap trap states. Hence, the transport model is consistent with the electron conductivity
data.
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Figure 5.17: Conductivity σ (top) extracted from J-V measurements of the n-i-n
devices at varying intrinsic layer thickness.
5.6 Transport in Blend Layers with the High Efficiency Donor
DCV2-5T-Me33
DCV2-5T-Me33 is a donor material with a five ring thiophene core that has shown a power
conversion efficiency (PCE) of up to 8.3 % in blend layers with C60 using a volume mixing
ratio DCV2-5T-Me33:C60 of 2:1 [Meerheim14]. This PCE value is still holding the record for
a vacuum-deposited, single junction solar cell with disclosed materials10 and it is approaching
market relevance. Compared to ZnPc:C60, the PCE of an optimized device is increased by
a factor of about 3.7 raising the question of the physical origin for this increase. Apart
from an increased absorption (about 2x) and an increase in VOC (caused by an enlarged
donor-acceptor energy gap), the FF is higher (above 60 % in BHJ solar cells and up to 70 %
in FHJs). Structural investigations using X-ray scattering experiments have been performed
on neat and blend layers [Elschner13] and revealed detailed information on the morphology of
such blend layers under the influence of substrate heating. However, the device characteristics
are often closely related to the transport properties of the material in the blend [Tress11b]
rendering the material an interesting candidate for transport investigations. In the following,
10 The highest efficiencies for organic solar cells have been achieved in tandem or triple structures of undisclosed
materials (12 % Heliatek). For solar cells with a single active layer of disclosed materials, similar efficiencies
have been reported for cascade solar cells comprising a triple junction of three absorber materials (8.4 %,
IMEC, [Cnops14]).
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mobility models describing the transport in this blend layer are presented for p-i-p and n-i-n
devices. In doing that, the differences and similarities to ZnPc:C60 blend layers are pointed
out and discussed accordingly.
5.6.1 Hole Transport in DCV2-5T-Me33:C60
SCLC Regime
Hole transport is studied using a thickness variation of the intrinsic blend layer, the J-V
data of which are shown for selected thicknesses in Figure 5.19. For these data, potential
mapping has revealed a field-activated mobility µ ∝ exp(F ) [Widmer13a]. In contrast to the
Poole-Frenkel field-activated mobility (µ ∝ exp(
√
F )), the present field activation can be
described by the parametrized mobility model for neat layers according to equation (2.19). In
this context, the following parameters have been determined: a = 33 nm, σG = 0.045 eV, and
µ0 = 9.9× 102 cm2/Vs. In Figure 5.18, the mobility dependence on the electric field and the
hole density from potential mapping (symbols) is compared to the field and charge carrier
density dependence of equation (2.19) using the named parameters (solid lines). Thereby, the
experimental mobility values agree with the named values within 2× 1015 cm−3 in the hole
density and 1× 104 V/cm in the field. The strong field activation in the regime evaluated by
potential mapping is noticeable. Moreover, no dependence on the hole density is observed.
Generally, applying Pasveer’s mobility model implies a charge carrier density dependence of
the mobility. However, the charge carrier density activation is only relevant at small fields
and high charge carrier densities, which are not accessible with the measured p-i-p devices.
Nevertheless, this regime might be relevant for the hole transport behavior in solar cells.
As discussed in Ref. [Widmer13a], the lattice parameter a cannot be related to the molecular
distance in this blend layer, which is in the range of 1 nm. However, it can be interpreted as
the relevant average distance of confined regions in the blend where the charge carriers are
considered delocalized. For instance, such regions could be nanocrystallites that allow for
efficient charge transport due to close wave function overlap. For heated DCV2-5T-Me33:C60
blend layers, such nanocrystallites were found to be > 40 nm in size [Fitzner12]. Since charge
transport is presumed to be fast in those regions, the transport properties would be determined
by the hopping rates between neighboring crystallites. Furthermore, the energetic width of an
assumed Gaussian distribution σG is small compared to typical values obtained for polymers
semiconductors. This observation is reasoned in the literature with intra- and inter-chain
hopping steps occurring in polymers, which compare to hopping steps from molecule to
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Figure 5.18: Experimentally determined hole mobility (symbols) as a function
of hole density (left) and electric field (right) compared to simulations using equa-
tion (2.19) (solid lines) in comparison to the mobility model used for the drift-
diffusion simulations J-V curves of Figure 5.19.
molecule (or nanocrystallite to nanocrystallite) in small molecule semiconductors. In brief,
the parameters obtained from the field dependent mobility using potential mapping can be
reasoned.
The intention of this section is to check whether these parameters allow calculating the J-V
curves of the measured devices. Therefore, the mobility model of equation (2.19) is used for
both, electron and hole mobility, using the named parameter values. In doing so, electron
transport should not influence the J-V characteristics in the absence of hole traps. The blend
layer is modeled as an effective medium determined by the IE of DCV2-5T-Me33 (5.75 eV),
the EA of C60 (4.0 eV), the according molecule densities
11 as effective density of states
NV(DCV2-5T-Me
33) = 1.0× 1021 cm−3 and NC(C60) = 4.5× 1021 cm−3, as well as a relative
permittivity ε = 5.0 12. Furthermore, the doped BPAPF layers are assumed to have an active
dopant density N−A = 10
19 cm−3, an effective density of states of NC/V(BPAPF) = 10
21 cm−3,
as well as the same mobility function as the intrinsic layer13. Room temperature is modeled
by choosing T = 294 K. The thickness of the intrinsic layer is varied from L = 90 nm to
L = 170 nm, i.e. in the range of intrinsic layer thicknesses for which the mobility model has
been determined.
Figure 5.19 shows the simulation results (solid lines) in comparison to the measurement data
(symbols). Very good agreement is achieved in the Ohmic regime as well as for SCLCs. At the
highest thicknesses under consideration, there are small deviations, which may be attributed
11 The given values account for the volume mixing ratio of 2:1 as well as for the molar masses of the molecules.
12 N. Sergeeva, private communication.
13 The doped transport layers ensures that the doped layers do not limit the device performance.
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Figure 5.19: J-V curves of p-i-p devices with DCV2-5T-Me33:C60 blend layers in
different thicknesses (symbols) and drift-diffusion simulation data for the same layer
thicknesses (solid lines). In this range, the agreement is very good.
either to inaccuracies in the intended layer thicknesses or to simulation assumptions such as
the usage of the molecule density as effective density of states. Inversely, the agreement of
the simulation with the experimental data in the whole accessible voltage range – in spite of
the modeling assumptions – is convincingly proving the applicability of Pasveer’s mobility
model for this blend layer. That includes a Gaussian shape of the DOS distribution as well
as a different field activation mechanism than the Poole-Frenkel mobility found for ZnPc:C60.
Furthermore, the mobility dependencies of the field and of the charge carrier density are
connected in a product (not in a sum). Implicitly, it can also be concluded that traps and
recombination do not determine the J-V characteristic of DCV2-5T-Me33:C60 blend layers,
like in ZnPc:C60 blend layers.
In summary, the drift-diffusion simulations are able to describe the transport in p-i-p devices
with a DCV2-5T-Me33:C60 blend layer employing a parameter set determined by potential
mapping. Hence, the simulations confirm that the Pasveer transport model gained from
the field dependent mobility correctly describes the charge carrier transport in these p-i-p
devices.
5.6.2 Electron Transport in DCV2-5T-Me33:C60
The same DCV2-5T-Me33:C60 (2:1) blend layer is also studied in n-i-n devices for investigating
electron-type transport. Again, the J-V curves of the thickness variation have been analyzed
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using potential mapping14. Thereby, a Poole-Frenkel type field activation with µF=0 =
6.6 × 10−8cm2 /Vs and γ = 0.008
√
cm/V was obtained as well as a weak charge carrier
density activation fw(p) ∝ p1.5. Next, the J-V curves are analyzed and compared to the
field-activated current according to equation (5.2). Additionally, the J-V curves are compared
to electron transport in blend layers made of ZnPc:C60 (1:1) as presented in section 5.5
and interpreted with respect to the electron transport behavior in blend layers with C60 in
different concentrations.
Figure 5.20 presents the measured J-V data (blue symbols) as well as selected data points of
the ZnPc:60 (1:1) devices (violet symbols). Regarding the DCV2-5T-Me
33:C60 blend layer,
the current is decreasing with increasing intrinsic layer thickness as expected. In particular,
an Ohmic conduction regime is observed for low voltages, which is followed by an SCLC
regime at increasing bias voltage. Apart from the 60 nm device, the SCLC does not show a
power law relation. At the highest voltages, the electrical power limitation of 10 W/cm2 is
reached, above which the devices fail quickly.
SCLC Regime
Comparing the SCLC curves to the field-activated mobility current (dotted lines), the shape of
the SCLC increase is comparable at the highest voltages of thick devices (L ≥ 160 nm) whereas
the absolute current density is up to one order of magnitude too small. This effect might be
caused by the charge carrier density dependence, which is not considered in relation (5.2).
In particular, the charge carrier density activation would influence the prefactor to the field
activation so that the mobility is increased at high charge carrier densities, i.e. in thin devices.
For instance, for increasing the mobility by a factor of 10, the charge carrier density must
be increased by a factor of 102/3 = 4.6. This value seems realistic considering the different
charge carrier densities for devices with varying intrinsic layer thickness that is caused by
diffusion at the interface to the doped injection layer. It is also in the range of charge carrier
densities accessible by potential mapping. Thus, the charge carrier density activation can
explain the difference between relation (5.2) and the measured data. Nevertheless, the SCLC
behavior of thick devices is dominated by the field activation of the mobility because the
charge carrier density activation is weak.
Interestingly, the J-V data of the n-i-n devices with a DCV2-5T-Me33:C60 blend layer are
similar to the J-V curves of n-i-n devices with ZnPc:C60 when the intrinsic layer thickness
of the blend layer containing ZnPc is approximately twice as thick as the one with DCV2-
14 J. Widmer, preliminary results, private communication.
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Figure 5.20: J-V curves of n-i-n devices with DCV2-5T-Me33:C60 (2:1) blend layers
in different thicknesses (blue symbols) in comparison to n-i-n devices of ZnPc:C60
(1:1) blend layers (violet symbols). The dashed line indicates the Ohmic conductivity
regime and the dotted lines refer to equation (5.2) for the same layer thicknesses as
the DCV2-5T-Me33:C60 blend layers using the field dependent mobility parameters
determined by potential mapping.
5T-Me33. Regarding the actual C60 amount in the blend layers, the ZnPc blend has 1.5
times more C60 than the thiophene blend. Hence, the current density at equal intrinsic
layer thickness is expected to be higher for the ZnPc blend layer, which is indeed observed
in Figure 5.20 when similar blend layer thicknesses are compared. However, correcting
the current density by the factor 1.5 would not be sufficient to explain the differences in
the current density. Although a charge carrier density dependence of the mobility could
not be resolved for the ZnPc blend layer, the comparison to the DCV2-5T-Me33:C60 blend
layer suggests that a similar charge carrier density dependence is present. Additionally, the
mobility was obtained to be field dependent by potential mapping in both cases, whereas
the field activation parameter is 1.4 times smaller in the blend with DCV2-5T-Me33 than
in the one with ZnPc. This difference can be explained by a dependence of γ ∝ 1/ε values
of the different donor-acceptor combinations on the one hand. On the other hand, the field
activation parameter was observed to increase with increasing donor amount in the donor
phase of ZnPc:C60 blend layers. If the same trend is assumed for the acceptor phase, the
difference in the donor-acceptor ratio of the two blends could explain the difference in the
field activation parameters. Altogether, the electron transport in blend layers of C60 with
DCV2-5T-Me33 or with ZnPc can be explained by the same mobility model, however with
slightly different parameters that are attributed to the different mixing ratios as well as the
change in the donor-acceptor combination.
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Ohmic Regime
Figure 5.21 shows the evaluation of the conductivity region in comparison to the p-i-p devices
and to n-i-n devices with ZnPc:C60 (1:1) blend layers. The electron conductivity of DCV2-5T-
Me33:C60 decreases with increasing intrinsic layer thickness and saturates at σ = 2×10−8 S/cm.
In contrast, the hole conductivity of the same blend layer is about an order of magnitude
lower and does not clearly show a saturation regime for the thicknesses under investigation.
Thus, at the conditions of the unipolar devices, the electron transport is superior to hole
transport. For the solar cells with highest efficiencies, the blend layers are additionally heated
during evaporation, explaining the high fill-factors that indicate balanced transport properties
for electrons and holes. Indeed, the minimum electron mobility determined here compares to
the typical hole mobility in this blend layer (e.g. at 2× 105 V/cm).
In comparison to electron transport in ZnPc:C60 (1:1) blends, the conductivity saturation
is about twice smaller, reflecting approximately the difference in the C60 content of these
blend layers. Hence, the large difference in the current in thin devices or in thick devices at
high voltages must originate from a significantly different mobility at these conditions, e.g.
according to a charge carrier density activation.
Furthermore, the saturation sets in already around 150 nm in blends with DCV2-5T-Me33 (in
contrast to about 300 nm for blends with ZnPc). Hence, the blend layers with less C60 in the
blend are less influenced by charge carrier diffusion from the doped layers into the intrinsic
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Figure 5.21: Conductivity values determined from the J-V curves of n-i-n and p-i-p
devices with DCV2-5T-Me33:C60 (2:1) blend layers in different thicknesses (blue
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one, which is reasonable considering the reduced electron mobility of the blend layer. In
terms of intrinsic charge carriers ni, the conductivity saturation value and the lower mobility
limit (3.6 × 10−6 cm2/Vs) result in ni = 3.5 × 1016 cm−3. This value is high compared to
ZnPc:C60 blend layers. Furthermore, the effective gap of a DCV2-5T-Me
33:C60 blend layer is
higher than the one of ZnPc:C60, so that the intrinsic charge carrier density should actually
be smaller, here. As compared to the hole-only samples, the conductivity is higher whereas
the mobility is the same. Hence, the intrinsic charge carrier concentration is higher in the
electron-only samples, which is not expected. Therefore, it seems that this difference is caused
by the device structure, maybe the n-dopant diffusing into the intrinsic layer, or there is
difference in the C60 batches causing e.g. background doping (thiophene is from the same
batch). However, to draw further conclusions from this value, the conductivity behavior
should be independently investigated on at least two samples because the conductivity values
seem to be influenced by the sample layout on the Lesker substrate15.
5.7 Conclusions for Transport in Blend Layers
In summary, the thickness-dependent J-V characteristics of unipolar devices were studied at
varying mixing ratios of ZnPc:C60 as well as in DCV2-5T-Me
33:C60 blend layers in p-i-p and
n-i-n geometry. For hole transport in ZnPc:C60, the SCLC regime often shows a power law
relation between current and voltage. In the devices with balanced mixing ratios (2:1, 1:1,
and 1:2), the previously determined field activation of the mobility [Widmer13a] does not
reproduce the J-V characteristics of the devices with balanced mixing ratios. However, the
power law rise with increasing intrinsic layer thickness is utilized to determine the parameters
of an exponential distribution of hole-type tail states using drift-diffusion simulations. In
section 5.3, a charge carrier transport model for these devices is developed that describes
the full experimental J-V curve, i.e. the Ohmic conduction as well as the SCLC regime.
It uses the field activation obtained from experimental data by potential mapping and the
charge carrier density activation determined by the exponential trap DOS. In this novel
mobility model, the field and charge carrier density activation are combined as a linear
superposition of independent processes that can positively influence the hole mobility, with
the more effective process determining the J-V characteristics. Using this model, the J-V
curves can be modeled for a thickness variation of the blend layer. A weakly charge carrier
15 For instance, intrinsic layer thicknesses of 90-120 nm, 130-160 nm, 170-200 nm, and 210-240 nm are each
processed in a row and the conductivity always increases from thin to thick devices, which is not expected. I
presume that the doping concentration of the adjacent doped layers decays towards the edge of the substrate,
so that the doped layers have a lower dopant concentration in certain areas, which influences the charge
carrier concentration in the intrinsic layer. Variations of the thickness of the intrinsic layer are supposed to
be in the range of 10 % and cannot account for the observed deviations.
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dependent prefactor to the field dependence that was obtained by potential mapping for the
1:2 mixing ratio was neglected at first point.
In contrast to the balanced mixing ratios, the hole transport of fullerene-rich ZnPc:C60 blend
layers was found to be dominated by the field activation of the mobility in the medium
voltage range. Additionally, a power law relation is obtained at high voltages of devices with
a mixing ratio of 1:100. The power law points towards an exponential DOS distribution
determining the transport, even though the donor molecules are diluted in the acceptor phase.
Hence, the exponential distribution plays an important role for charge carrier transport in
ZnPc:C60 blend layers. It might be attributed to the increased spatial disorder in blend layers
as compared to neat layers and its effect on the DOS. Furthermore, the field activation was
consistently interpreted as a field-activated trapping and release process that is most relevant
at low charge carrier densities, i.e. in thick, fullerene-rich blend layers.
Table 5.1 gives an overview of the transport models obtained from potential mapping and
those resulting from comparison to simulations. In the following, a generalized mobility model
is deduced that describes the hole mobility in all mixing ratios of ZnPc:C60 blend layers
under investigation. The Poole-Frenkel type field activation is observed in all mixing ratios
under investigation. For the 1:2 mixing ratio, a weak charge carrier dependent prefactor
µ ∝ p1.3 was additionally found by potential mapping, however, it does not significantly
influence the mobility function in the range of the hole densities studied. In the fullerene-rich
blends, such a charge carrier density dependence could explain the deviations between the
Poole-Frenkel type field-activated current density with parameters from potential mapping
Material Ratio Type Potential Mapping Simulation
ZnPc:C60
2:1 p-i-p µPF(F ) µexp(p) + µPF(F )
1:1 p-i-p µPF(F ) µexp(p) + µPF(F )
1:2 p-i-p max{µPF(F ) · fw(p), µexp(p)} µexp(p) + µPF(F )
1:6 p-i-p µPF(F ) µPF(F ) · fw(p)
1:100 p-i-p µPF(F ) µPF(F ) · fw(p) + µexp(p)
ZnPc:C60 1:1 n-i-n µPF(F ), µPasveer(F ) µPF(F ) · µw(n)
DCV:C60 2:1 p-i-p µPasveer(F ) µPasveer(F, p)
DCV:C60 2:1 n-i-n max{µPF(F ) · µw(n), µ0} µPF(F ) · µw(n)
Table 5.1: Overview of the transport models obtained for the blend layers un-
der investigation using µPF(F ): Poole-Frenkel-type field activation according to
equation (2.25), µexp(p): charge carrier density activation due to an exponen-
tial DOS according to relation (4.3), fw(p): weak charge carrier density activation,
µPasveer(F, p): field and charge carrier density activation according to equation (2.19).
Grey functions were actually not used due to a lack of parameters, but are assumed
to be relevant for correctly modeling the J-V data.
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and the experimental data of thin devices. In the blend layers with rather balanced mixing
ratios, the J-V characteristics were found to be dominated by a heavily charge carrier density
dependent mobility (power law slope ∼ 5) caused by exponential tail states. The combined
mobility model taking the mentioned dependencies into account can be created as follows:
µ(F, p) = fw(p) · µPF(F ) + µexp(p) (5.3)
where fw(p) is the weakly charge carrier dependent prefactor, µPF(F ) represents the Poole-
Frenkel mobility function of equation (2.25), and µexp(p) is the strong charge carrier de-
pendence of equation (4.3), which is determined by the parameters of the exponential tail
state distribution. Although not all transport parameters of this mobility model could be
determined for every mixing ratio during this work, it allows to describe the transport in the
p-i-p devices with ZnPc:C60 blend layers in a general way.
In contrast, hole transport in the DCV2-5T-Me33:C60 (2:1) blend layers is well described by
the mobility parametrization for neat layers given in equation (2.19). The latter basically
contains a parametrization of field and charge carrier density dependence with the shape
µPasveer(F, p) = µ(p) · f(F ), which is in principle comparable to the first term of (5.3).
However, the field dependence of Pasveer’s model has the form lnµ ∝ F for large fields (it
vanishes in the case of low fields) whereas the Poole-Frenkel type field activation behaves as
lnµ ∝
√
F (as long as γ 6= 0). For demonstration, Figure 5.22 compares the field-activated
mobility functions of the DCV2-5T-Me33:C60 (2:1) and the ZnPc:C60 (1:1) device for the
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√
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charge carrier density accessed by potential mapping. From Figure 5.22, it can be concluded
that the field dependence of the Pasveer model and the Poole-Frenkel field activation can be
distinguished with the data from potential mapping. On the other hand, the two functions
are not very different in the accessible field range and the mobility values are in the same
order of magnitude.
Furthermore, the charge carrier density dependence of Pasveer’s model assumes a Gaussian
shaped DOS and has the form lnµ ∝ exp (pδ) with delta depending on the width of the
Gaussian, whereas the charge carrier density dependence observed in the ZnPc:C60 blend
layers has the shape µ ∝ pb (b > 1) with b = 1.3 at low hole densities and b = 4.0 at high hole
densities. For the parameters of the DCV2-5T-Me33:C60 (2:1) blend layer (σG = 0.05 eV), δ
is close to 0 and hence there is no charge carrier density dependence observable. This effect
is related to the fact that the Pasveer mobility model is not able to predict mobilities for
σG . 0.045 eV, probably because the thermal activation of charge carriers in such a narrow
DOS distribution hampers relaxation of the charge carriers in the DOS tail to an equilibrium
state. In other terms, there is no charge carrier density dependence when the DOS is narrow
compared to the thermal activation energy.
That is in stark contrast to the ZnPc:C60 (1:2) blend layer, where the charge carrier density
dependence is pronounced. Using Pasveer’s mobility, it is not possible to find a set of
parameters describing the field and the charge carrier density dependence well, neither when
treating the summands of equation (5.3) individually. Hence, the simplified Gaussian shaped
DOS model is not able to explain the observed mobilities and the DOS of this blend layer must
be more complicated. This conclusion is in agreement with the presence of deep (exponential)
tail states found before from the J-V power law. Accordingly, the differences in the field
activation functions can be related to trapping processes, too. In the DCV2-5T-Me33:C60
(2:1) blend layer, traps do not influence the hole transport processes.
Electron transport was studied in DCV2-5T-Me33:C60 (2:1) and ZnPc:C60 (1:1) and compared
in section 5.6. Potential mapping revealed similar field-activated mobility functions according
to the Poole-Frenkel model as well as a weak charge carrier density dependence as a prefactor
to the field dependent mobility term for DCV2-5T-Me33:C60. Accounting for the different
C60 contents, the mobility functions are comparable in these two blend layers. In the
blend with ZnPc, the Poole-Frenkel type field-activated mobility function was not clearly
distinguishable from Pasveer’s mobility model, although the DOS would be as broad as
σG = 0.2 eV. Altogether, electron transport in the blend layers with C60 is influenced by deep
tail states, may they be described by a broad Gaussian or an exponential distribution, and
the release of trapped charge carriers is activated by the field causing the field activation of
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the mobility.
Studying the Ohmic conductivity regime of the J-V curves, simulations of the p-i-p devices
with ZnPc:C60 (1:1) using trap-assisted recombination suggest that mid-gap traps act as
recombination centers with a recombination rate of kSRH = 10
7 s−1. Furthermore, the
simulations show that electron-hole pair generation is possible via this recombination pathway,
enabling local electron transport in these devices. This observation is consistent with the
conductivity values obtained for the other mixing ratios the ZnPc:C60 blends and is confirmed
by the n-i-n devices having the same intrinsic charge carrier density. Consequently, “minority”
charge carriers have to be considered when studying transport properties in ZnPc:C60 blend
layers using unipolar devices at low voltages. For the DCV2-5T-Me33:C60 (2:1) blend layer,
the conductivity regime did not reveal further information because the values of the n-i-n
devices fluctuate and for the p-i-p devices a saturation of the conductivity was not observed
at the investigated intrinsic layer thicknesses. At this point arises the question whether
the trap states causing the saturation are specific of the materials, the blend layers, or of
a more general nature such as the processing conditions (imperfect vacuum). Studying the
conductivity saturation under variation of the intrinsic layer thicknesses might be a good
measure for that.
In summary, deep exponential trap states dominate the hole transport in the ZnPc:C60 blend
layers at balanced mixing ratios, whereas the DCV2-5T-Me33:C60 (2:1) blend layer is well
described by Pasveer’s mobility model using a narrow Gaussian DOS (0.05 eV). Electron
transport is comparable in both blend layers and has a weak charge carrier density activation,
e.g. due shallow trapping in a broad Gaussian DOS (∼ 0.2 eV). Whereas the electron mobility
is typically higher than those of the holes in ZnPc:C60 blend layers, the mobilities of the DCV2-
5T-Me33:C60 are well balanced. Altogether, drift-diffusion simulation using the parameters
determined by potential mapping are shown to be a powerful tool for transport investigations
of blend layers.
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Doping-Enabled
Density of States Determination
in Donor-Acceptor Blend Layers
Charge carrier transport in donor-acceptor blend layers was shown to be dominated by the
density of states (DOS) distribution in the previous chapters. In order to verify the tail state
distribution obtained before for the model blend layer ZnPc:C60, this blend is investigated in
detail using impedance spectroscopy and thermally stimulated currents in this chapter. In order
to “see” the tail states, they must be filled with charge carriers. In the literature, trap filling
was achieved by illuminating the device or injecting charge carriers by applying a forward
voltage. However, in both cases, the exact number of charge carriers in the device depends
strongly on the measurement conditions. Here, the tail states are filled by light p-doping of the
blend as it has been used for trap characterization of neat layers before [Pahner13]. Therefore,
frequency-dependent impedance spectra are evaluated at different temperatures in order to
determine the density of occupied states (DOOS) directly from the capacitance-frequency
spectra [Walter96]. The reconstructed DOOS distribution is analyzed at different doping
concentrations and device thicknesses and is compared to TSC measurements. Thereby, the
presence of deep, exponential states is confirmed and a pronounced Gaussian peak is obtained
from both methods, the origin of which is discussed. Additionally, the effect of trap filling on
the solar cell characteristics is studied in the same devices.1
1 The content of this chapter is published in Ref. [Fischer15a].
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6.1 Motivation
Experimental determination of the DOS distribution is challenging, various methods are
available, though. Firstly, ultraviolet photoelectron spectroscopy (UPS) measures the energy
resolved spectrum of electrons released upon excitation by UV radiation, yielding the DOS
distribution at low binding energies. Such spectra have previously revealed the presence of
intra-gap states (traps) [Tietze13a, Bussolotti13]. However, the density of the trap states
is often below the detection limit and results obtained with this technique refer to the
surface of an excited sample. Another method is the measurement of thermally stimulated
currents (TSC), in which the sample is cooled to cryogenic temperatures and subsequently
trap states are filled by a voltage and/or illumination pulse. Charge carriers are released upon
increasing temperature using a reverse voltage [Haering60]. This method only allows the
characterization of shallow states in organic semiconductors with . 0.4 eV energetic distance
to the transport level and it requires a transport model (DOS distribution) for extracting
the charge carrier density and energetic distribution [Werner01, Malm02]. As shown in the
previous chapter, SCLC measurements of unipolar devices also reveal information on the DOS,
however, determining a complicated DOS distribution composed of several trap distributions
is not unambiguously possible.
Impedance spectroscopy (IS) is well suited for characterizing trap states in fully functional
solar cells under equilibrium conditions [Ray10]. The challenge is to relate the measured
capacitance-frequency spectra C(ω) to a density of occupied states (DOOS) distribution.
When the energy level diagram of the device is known, the capacitive contribution of a
trap can be calculated at each position in a device and the DOOS distribution is obtained
by fitting the C(ω) spectra assuming a certain trap distribution [Burtone13]. Even more
interesting is the reverse approach that provides direct access to the energetic distribution
of the DOOS by assuming a simple energy level diagram [Walter96]. That way the DOOS
can be directly determined from C-ω spectra of doped layers, providing a useful tool for
determining the DOOS distribution of doped organic layers. It has recently been applied to
air-exposed (oxygen-doped) P3HT-PCBM solar cells [Khelifi11] for characterizing trap states
related to the presence of oxygen. Nevertheless this method has rarely been applied to organic
semiconductors in the literature and the results should be compared to the measurements
obtained from other methods, preferably on the same device.
Here, the model blend layer for small molecule solar cells, ZnPc:C60 (1:1), is additionally
p-doped by a strong acceptor complex [Lüssem13]. In this way, the Fermi level is shifted
towards the HOMO and trap states are filled up. Hence, the IS signal can be clearly attributed
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to holes, which was not possible in previous IS studies on blend layers. UPS measurements
are performed for determination of the Fermi level position, enabling insight into the energy
level diagram. Finally, the DOOS can be calculated applying the Walter method [Walter96].
The relevant parameters and the related uncertainties in the reconstruction are discussed in
detail. Moreover, TSC measurements are performed in order to confirm the features found in
the DOOS distribution. Additionally, the solar cell characteristic is shown to be hampered by
the trap filling in thick and highly doped blend layers, the origin of which is explained. By
comparing the DOOS to previous results obtained with other methods for the same material
system, a conclusive picture on the hole DOS of this ZnPc:C60 blend layers is developed.
Furthermore, possible reasons for asymmetry of the Fermi level position in the energy level
diagram are given.
6.2 Theory
Electrical impedance spectroscopy (IS) typically measures the current response of an electrical
device to a small, sinusoidal voltage perturbation with frequency ω that is described by the
complex impedance Z(ω)
Z(ω) = |Z(ω)| · eiφ(ω) = R(ω) + iX(ω) (6.1)
using the frequency dependence of phase φ(ω) and amplitude |Z(ω)| or of resistance R(ω)
and reactance X(ω) in terms of real and imaginary part. Equivalently, the admittance Y (ω)
is defined by
Y (ω) =
1
Z(ω)
= G(ω) + iB(ω). (6.2)
Here, real and imaginary part are given by the conductance G(ω) = R(ω)
R2(ω)+X2(ω)
and the
susceptance B(ω) = − X(ω)
R2(ω)+X2(ω)
.
Assuming a parallel R − C circuit, the system is described by the frequency-dependent
reactance X(ω) = − ωC(ω)R
2(ω)
1+ω2C2(ω)R2(ω)
, so that B(ω) = ωC(ω) and equation (6.2) can be written
as
Y (ω) = G(ω) + iωC(ω). (6.3)
Typically, the capacitance function C(ω) is composed of a frequency independent part given by
the geometrical capacitance of the device Cgeo as well as an additional, frequency-dependent
part Ct(ω), which is caused by time dependent phenomena such as trapping or transport.
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Focusing on the dynamics of a discrete level trap with an activation energy EA with respect
to the transport level, the trap capacitance is characterized by a temperature dependent
frequency ω0(T ) given by
EA = kT ln
2ν0
ω0
. (6.4)
Here, k is Boltzmann’s constant and ν0 the attempt-to-escape frequency. Relation (6.4) relies
on the Boltzmann-type probability for a charge carrier to charge and discharge a state of
energy EA by applying a stimulus of frequency ω0. For ω  ω0, the capacitance is given
by Cgeo + Ct, while for ω  ω0 the total capacitance is given by Cgeo. Hence, ω0 is defined
by the inflection point of C(ω). Practically, ω0 is typically determined by the maximum
of the derivative of −ω dC/dω [Dhariwal93, Walter96]. The temperature dependence of ω0
reveals EA and ν0. It can be shown that this derivative is in first order equal to the trap
contribution to the device conductance Gt(ω)/ω = (G(ω)−Gdc)/ω (with the dc conductance
Gdc = R(ω → 0)/|Z(ω → 0)|2 ≈ 1/R). In this work, Gt(ω)/ω is used to determine ω0
for reasons explained later. Note that a temperature dependence of the transport level as
expected in organic semiconductors [Arkhipov01] affects EA. Assuming that the temperature
dependence of the transport level is linear in first order, the activation of the transport level
would be included in EA.
The concept of (de-)charging a discrete level trap can be generalized to describe a trap
distribution, where a state located at the demarcation energy Eω (with respect to the
transport level) can be charged and discharged by applying a small stimulus of frequency ω
Eω = kT ln
2ν0
ω
. (6.5)
If the trap distribution has a distinct maximum (and only in this case), the inflection
frequency ω0 of the trap maximum can be determined from the maximum in ω dC/dω or
Gt/ω, equivalently to a discrete trap level. Accordingly, ν0 follows from the temperature
dependence of ω0. Assuming that ν0, which is obtained from the trap maximum, is valid
for all energies of the distribution, the frequency spectrum of the impedance signal can be
translated into an energy axis Eω.
Moreover, according to Walter et al. [Walter96] and Burtone et al. [Burtone12b], knowledge
of the Fermi level and the transport levels enables relating the capacitive contribution of the
traps to the energy resolved density of occupied states (DOOS). While Burtone et al. varied
the parameters of a trap with an a priori assumed energetic distribution for fitting the related
capacitance to measured C(ω) spectra, Walter et al. used a simplified device energy level
diagram to calculate the density of trap states directly from the C(ω) spectra. Thereby, the
differential capacitance that decays over a depletion region described by a plane capacitor
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with a potential drop Vd can be expressed as follows
1
Ad
dC
dω
=
1
Ad
e
Vd
dq
dω
(6.6)
=
1
Ad
e
Vd
dq
dEω
dEω
dω
(6.7)
using the device area A, the depletion width d, the total stored charge density q, and the
potential drop over the depletion layer Vd. The frequency change of the energy dEω/dω =
−kT/ω follows from equation (6.5). Furthermore, the charges contributing to the capacitance
dq/dEω constitute the density of occupied trap states distribution Nt(Eω). Accounting for a
certain charge carrier distribution depending on the shape of the depletion region (in the
direction perpendicular to the substrate plane), Walter et al. [Walter96] derived the following
relations for DOS reconstruction for an n-i-p solar cell with hole traps obeying a linear energy
level diagram and for an n+-p− device with a parabolic energy level diagram
Nt(Eω) =

−
V 2d
Ad[eVd − (EFn∞ − Eω)]
dC
dω
ω
kT
(linear)
−
2V
3/2
d
Ad
√
e
√
eVd − (Eg − Eω)
dC
dω
ω
kT
(parabolic).
(6.8)
Here, EFn∞ is the equilibrium Fermi level of the n-doped layer and Eg is the transport gap
of the lightly doped layer.
In this work, Walter’s method [Walter96] is applied to p-doped blend layers. To obtain the
necessary parameters, the following procedure is carried out:
1. Record the temperature dependent C(ω) spectra and derive the depletion width d from
Ct at low frequencies,
2. Determine the characteristic trap frequency ω0 from Gt(ω) and extract the attempt-to-
escape frequency ν0 from the T dependence of ω0 according to equation (6.4),
3. Determine Vd from a Mott-Schottky analysis and EF from UPS measurements to
determine the energy level diagram,
4. Evaluate the DOOS reconstruction for different doping concentrations and intrinsic
layer thicknesses.
For comparison, the same devices are investigated with TSC and the results are compared to
those obtained by Walter’s method. Additionally, the solar cell characteristics are analyzed
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and discussed with respect to the trap occupation.
6.3 Methods
The p-doped bulk heterojunction layers are thermally evaporated under high vacuum con-
ditions (base pressure < 10−8 mbar) using a wedging tool (Kurt J. Lesker Company) in
order to ensure the comparability of the devices. In particular, equal weight ratios of zinc
phthalocyanine as donor (ZnPc) and fullerene C60 as acceptor (both from CreaPhys) are
co-deposited with the p-dopant C60F36 (Ionic Liquids Technologies GmbH) in weight ratios
of 0.25 and 0.5 wt% with respect to ZnPc (i.e. 0.07 and 0.13 mol% relatively to the whole
blend). The triple blend layer is produced in layer thicknesses L of 100 nm and/or 200 nm
on indium tin oxide (ITO, anode) coated glass substrates with an estimated uncertainty of
10 % in layer thickness and doping concentration (relative to each other). The devices are
finished by a 100 nm layer of aluminum serving as the cathode. Subsequently, the devices are
encapsulated. All samples have an active area of A = 6.44 mm2. An undoped sample serves
as reference sample.
IS measurements are performed using an Autolab PGSTAT302N in an evacuated Peltier-
heatable and -coolable chamber that allows for temperature variations from about −50 ◦C to
50 ◦C. Capacitance-frequency spectra C(ω) are taken at 0 V bias voltage from 1 to 106 Hz
using a signal amplitude of 20 mV. C-V ramps are taken from -1 to 0.5 V at a frequency of
100 Hz.
For in situ UPS measurements, p-doped ZnPc:C60 blend layers with a layer thickness of
30 nm are thermally co-evaporated on solvent cleaned and ozone treated ITO. The doping
ratios are 0.25 and 0.5 wt%, controlled by rate monitors and a rotating shutter (see also Ref.
[Tietze15]). Subsequently, the samples are transfered into the UPS chamber without breaking
the ultra-high vacuum (base pressure: 10−11 mbar). UPS spectra are acquired by a PHOIBOS
100 system (SPECS GmbH) using the He I (21.22 eV) excitation line and calibration to the
Fermi level position of a sputter cleaned gold foil. The the sample fabrication, measurement,
and data evaluation of the UPS data used in this work have been carried out by Martin
Schwarze.
TSC measurements are performed on the devices as used for IS using a Janis STVP-100
continuous flow cryostat. Before the measurement, the encapsulation is removed from the
samples and they are immediately transferred to the cryostat, where they are kept in inert
atmosphere at all times to prevent possible degradation. Trap filling is realized electrically by
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driving the samples at the load temperature of 10 K for 1 min in forward direction. Due to
expected recombination losses in the ambipolar sample structures, a number of consecutive
TSC experiments are carried out in order to obtain the minimal necessary loading current,
i.e. to see a saturation of the trap level signal. After trap filling and a rest time of 5 min,
the TSC measurements are performed with a linear heating rate of 5 K/min. The released
charge carriers are extracted at the built-in voltage of the samples and the current (TSC)
is measured with a Keithley 2635A femto amp source meter. TSC measurements and data
evaluation was done by Paul Pahner.
6.4 Results
6.4.1 Impedance Spectroscopy
Frequency-dependent capacitance measurements C(ω) are carried out in order to determine
the capacitive contribution of charge carriers upon application of a small perturbation signal
at different temperatures. The molecular structures of the used materials are presented in
Figure 6.1a and the device stack in Figure 6.1b. The Figures 6.1c-g show the measured
spectra of the capacitance C(ω) and the absolute value of the phase φ(ω) for devices with
varying doping concentration from 0 to 0.5 wt% doping and with a layer thickness L of 100 nm
and/or 200 nm (see Figure 6.1a).
For the undoped blend layer, the C(ω) spectra are determined by Cgeo, which describes the
data well using ε = 4.7 [Burtone12a]. The small additional capacitive contribution at low
frequencies can be related to a few charge carriers occupying trap states that are mostly
empty. It compares to previous impedance measurements performed on this blend layer in
an m-i-m structure [Burtone13]. This part is not further evaluated, here. For the doped
devices, all C(ω) spectra have a similar shape: From high to low frequencies, C is governed
by the serial resistance (ω > 3× 105 Hz), reaches a plateau at the geometrical capacitance
of the device Cgeo (for ω < 3× 105 Hz, low temperatures), and increases further due to an
additional trap capacitance. The latter saturates at a capacitance Ct in addition to Cgeo at
low frequencies (for T ≥ 263 K). The transition from Cgeo to the low frequency plateau is
shifted to lower frequencies for decreasing T , indicating a temperature dependent occupation
of the traps.
The trap capacitance observed in the doped devices characterizes a depletion region, where
charge carriers can only be trapped and released at small frequencies, but not at high
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Figure 6.1: Temperature dependent impedance spectra of devices using the
molecules sketched in (a) using the device stack shown in (b): C(ω) data and
absolute value of the phase for (c) undoped blend layer (200 nm layer thickness), (d)
and (e) 0.25 wt% p-doped blend layers (100 nm and 200 nm, respectively), as well as
(f) and (g) 0.5 wt% p-doped blend layers (100 nm and 200 nm, respectively). Equal
colors represent equal temperatures from 223 K to 323 K (10 or 20 K steps). The
according geometrical capacitance Cgeo (calculated using ε = 4.7) is indicated by
the dashed line and the saturated trap capacitance Ct by the dotted line.
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frequencies when the whole device appears completely depleted (C(ω) = Cgeo). That means,
the trap capacitance describes the slow charge carriers that require a certain activation
(thermal activation through high T or electrical activation through small ω) to contribute
to the current and give a capacitive signal. Hence, the trap capacitance equals a depletion
capacitance in the part of the device where the charge carriers are trapped.
The trap capacitance Ct of these devices is evaluated in terms of a depletion region in
Table 6.1. Theoretically, the capacitance of a depletion region should not depend on the
device thickness and should increase by
√
N−A with the dopant density (i.e. a factor of
√
2
when the doping efficiency is approximately assumed equal). Within the experimental error,
the capacitance values of Table 6.1 at a constant doping concentration are equal for different
thicknesses (deviations are smaller than 1 nF or 10 %). Comparing the different doping ratios,
the devices with higher doping ratio also have a larger trap capacitance as expected (by a
factor of 1.37 for the 100 nm devices and 1.33 for the 200 nm devices). Altogether, a trap
capacitance is observed only in the doped samples and it is increasing with increasing doping
concentration as expected.
Doping (wt%) L (nm) Ct (nF) d (nm)
0.25 200 9.1 29.4
0.5 200 12.1 22.1
0.25 100 8.3 32.2
0.5 100 11.4 23.5
Table 6.1: Trap capacitance Ct obtained from the low frequency regime of C(ω)
(plateau value less Cgeo) and the according depletion width d assuming a plane
capacitor and a permittivity of εr = 4.7 for the doped devices of Figure 6.1.
The temperature dependence of the transition from Cgeo to Ct is caused by a temperature
dependent activation of traps. As explained in section 6.2, this transition can be used to
determine the attempt-to-escape frequency ν0 from the emission frequency ω0 of a charge
carrier trapping process. In order to do that, the frequency ω0 of the maximum in the trap
conductance Gt(ω)/ω is evaluated at different temperatures and related via equation (6.4).
Equivalently, ω0 might be obtained from −ω dC/dω as both representations physically contain
the same information. Figure 6.2 shows the spectra obtained from both methods. However,
the results are less reliable for the −ω dC/dω signal since the derivative dC/dω is used.
Therefore, the frequency of the maximum ω0 is determined from the Gt(ω)/ω spectra in the
following.
In Figure 6.3, ω0 is plotted against inverse temperature for all doped devices. Fits to the
temperature dependence of ω0 are obtained by applying relation (6.4). Thereby, the activation
energy EA characterizes the trapping and detrapping process, i.e. the energy between the
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Figure 6.3: Arrhenius plot the temperature dependent frequencies ω0 of the
maximum in the Gt(ω)/ω spectra for devices with different doping concentrations
(0.25 and 0.5 wt%) and thicknesses (100 and 200 nm).
trapped charge carrier and the transport level. Furthermore,this process yields the attempt-
to-escape frequency ν0 as a fit parameter. The four devices under investigation have similar
activation energies in the range of 0.40 eV to 0.42 eV whereas the attempt-to-escape frequencies
ν0 range from 5× 1010 Hz to 2.0× 1011 Hz. The accuracy of this fit is limited by size of the
frequency steps. Here, the frequency steps are smaller for the 100 nm devices resulting in
a better accuracy. Within the resolution limit, a trend for ν0 and EA cannot be observed.
Hence, ν0 is considered a constant material parameter and is averaged over all samples to
ν0 = 1.3× 1011 Hz.
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6.4.2 Fermi level, Mott-Schottky Analysis, and Band Diagram
In order to relate the measured capacitance spectra to a DOOS distribution, the potential drop
over the depletion region Vd is required. Therefore, the energy level diagram is determined
from the Fermi level position in the doped blend layer and the built-in voltage of the
device. The latter is obtained from a Mott-Schottky analysis and the Fermi level from UPS
measurements.
The room temperature Fermi level is determined for the two doping concentrations under
investigation. To ensure comparable measurement conditions, an equally treated ITO
substrate as for the complete devices is used. From the UPS spectra, the Fermi level is
determined to be at an energy of 4.35 and 4.42 eV below the vacuum energy for the 0.25 and
0.5 wt% doping concentration, respectively. The according values of the ionization energy
(IE) are equal (5.14 eV). They also compare to previous results obtained from undoped blend
layers (5.12 eV) [Tietze13b] within the measurement accuracy (≈ 0.05 eV), even though that
value has been measured on a gold substrate.
Interestingly, the Fermi level position within the energy gap of the undoped/lightly doped
sample is not in the center of the effective gap given by the electron affinity (EA) of
C60 EA(C60) = 4.0 eV [Yoshida13] and IE(ZnPc) = 5.14 eV as expected for an intrinsic
semiconductor. Instead, it is located close to EA(C60) and the semiconductor seems rather n-
type. However, per definition, the Fermi level describes the energy where the electron density
equals the hole density and p-doping shifts the Fermi level closer to the ZnPc, indicating the
generation of free holes by doping. Thus, it can be concluded that the p-doping works as
expected. A possible origin for the asymmetry in the Fermi level position may be a large
difference in the effective density of states of ZnPc and C60, i.e. a large difference between
electron and hole density that are able to contribute to charge carrier transport (here NV/NC
would be 7× 10−5 in order to account for the measured Fermi level position of the undoped
device)2. It will be shown in the following that this effect can be attributed to deep hole trap
states.
In the following, C(V ) measurements are performed in order to determine the built-in voltage
of the device Vbi. Additionally, the number of ionized dopants N
−
A is analyzed for different
temperatures from a Mott-Schottky analysis as presented in Figure 6.4. The inset shows
the temperature activation of N−A for the 0.5 wt% doped sample, which has an activation
energy of EA− = 44 meV (EA− = 31 meV for 0.25 wt%, not shown). Comparing the room
2 The value is estimated for an ideal semiconductor using EiF =
1
2
[
EA(C60) + IE(ZnPc) + kT ln
(
NV
NC
)]
.
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Figure 6.4: Temperature dependent Mott-Schottky analysis for a doping concen-
tration of 0.5 wt%, L = 200 nm, and ω = 100 Hz. Inset: temperature activation of
the density of ionized dopants and the according activation energy resulting from
an Arrhenius fit of the data.
temperature values of N−A to the intended dopant density in the device leads to a doping
efficiency of 23 % (28 %) in the ZnPc:C60 matrix for a doping ratio of 0.5 wt% (0.25 wt%),
corresponding to 0.26 mol% (0.13 mol%) or 0.13 mol% (0.07 mol%) relatively to the whole
blend layer. Assuming a uniform distribution of dopants in the blend and considering that the
dopant is not expected to dope C60, the real doping efficiency in the ZnPc phase is actually
higher by a factor of 2, i.e. 46 % (56 %), respectively. In this regard, the doping efficiencies
compare well to the those obtained for donor materials with the same IE and doped with the
same dopant (pentacene [Pahner13] or MeO-TPD [Tietze12]). Hence, it seems that doping of
a donor-acceptor blend layer works in the same way as in neat layers.
The built-in potential of the device Vbi is obtained from the Mott-Schottky plots to be
0.5 ± 0.1 V for both doping concentrations, respectively. It determines the work function
difference of the ITO and the Al contact. Using the Fermi level position of the blend
layer known from UPS measurements, the energy level diagram results as demonstrated in
Figure 6.5: At the Al contact, a hole depletion region forms, where the doping induced holes
are trapped in deep states and which dominates the C(ω) spectra at low frequencies. Hence,
the potential drop over the depletion region Vd is given by eVd = |EF − φ(Al)|. Table 6.2
summarizes the values obtained for Vd. The uncertainty in Vd is mainly caused by the
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Figure 6.5: Schematic energy level diagram at 0 V: The energy levels of the
semiconductor are given by the electron affinity of C60 (4.0 eV) and the ionization
energy of ZnPc (5.14 eV), the ITO workfunction results from Vbi, and the Fermi
level position from UPS measurements. The dominant capacitance is caused by
the depletion region at the Al contact, whereas there is an accumulation region at
the ITO contact. It is shown later that the hole transport level is located around
4.7− 4.8 eV, i.e. significantly above the HOMO level.
Doping (wt%) EF (eV) Vd (V)
0.25 4.35 0.15
0.5 4.42 0.22
Table 6.2: Voltage drop at the depletion region Vd determined from the Fermi level
EF values obtained from UPS (with respect to the vacuum level) for the different
doping ratios.
uncertainty of the UPS measurement (0.05 eV). Furthermore, there is a hole accumulation
zone for holes at the ITO contact Vacc, which is thin and therefore highly capacitive. However,
in a serial connection of two capacitors, the capacitors add inversely so that the overall
capacitance is dominated by the smaller capacitor. For hole transport in this device, this
is the capacitance related to Vd since there is an extended depletion region. Thus, the
accumulation region does not influence the evaluation of the C(ω) spectra.
6.4.3 DOOS Determination
The DOOS distribution Nt(Eω) is reconstructed from the C(ω) spectra at different tem-
peratures using equations (6.5) and (6.8) with the parameters determined in the previous
sections. Therefore, a parabolic depletion region at the Al contact is assumed, which is
justified since the Mott-Schottky plot shows a straight line [Kleemann12a]. In Figure 6.6, the
Nt(Eω) spectra are shown for the devices with 100 nm and 200 nm organic layer at different
temperatures (symbols) and with error bars (determined as explained in the following). As
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Figure 6.6: Trap density reconstruction from C(ω) spectra of different temperatures
(symbols) for the 100 nm and the 200 nm devices with error bars for selected data
points. The peak positions are fitted with a Gaussian (solid lines) to estimate the
involved charge carrier density. For comparison, the distribution of exponential tail
states determined for this blend layer in Chapter 5 is shown (green dashed line).
the capacitance is dominated by the hole depletion region at the Al contact, the distribution
represents hole-type trap states and Eω refers to the hole transport level.
Converting the frequency axis into the energy axis requires the knowledge of ν0. If ν0 is
correct, the DOOS distributions of the same sample coincide for different temperatures
[Walter96]. Here, the good overlay of the spectra at different temperatures for all samples
around the peak position indicates that ν0 was correctly determined. The fitting errors of ν0
(Figure 6.3) cause an uncertainty in the demarcation energy of ∆Eω = 0.73 · kT (obtained
from Gaussian error propagation for all doped samples). Furthermore, the uncertainty of
the reconstruction in Nt is determined by the prefactor to dC/dω in equation (6.8), i.e. the
assumed shape of the energy level diagram and the uncertainties to the used values. Here,
only the uncertainty in Vd is accounted for and ∆Nt is calculated from a linear approximation
of the Taylor expansion. Fluctuations in the region of deep states (Eω > 0.45 eV) originate
from the C(ω) spectra at low frequencies having a low phase and small deviations in C(ω)
are enhanced by taking the derivative dC/dω as a linear interpolation between neighboring
data points. In the 200 nm devices, the frequency steps are larger, causing more outlaying
data points. For reducing the noisiest data, only data points with a minimum phase of 20 ◦
are used in the plots. Moreover, frequencies ω > 105 Hz are excluded from the evaluation in
order to avoid artifacts from the serial resistance.
The resulting DOOS distribution describes the energetic distribution of the occupied states
in the device, which is modified by changing the temperature and the perturbation frequency.
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In terms of energy, the DOOS reconstruction ranges from the Fermi level position (low
demarcation energies) further into the energy gap (by the size of the energy level bending
at the depletion region Vd). States that are deeper than Vd from the Fermi level as well
as those above the Fermi level do not contribute to the C(ω) spectra and neither to the
DOOS distribution because they cannot be (de-)occupied. Relating the energetic range to
the Fermi level gives an estimate of the hole transport level position within the energy gap
(here ≈ 4.7− 4.8 eV from the vacuum level for all devices). Note that the uncertainty of Vd
does not influence the energetic distribution of the spectra but only the vertical position.
The DOOS reconstruction of all devices shows a peak at around 0.4 eV, which compares to
the activation energy determined from the Arrhenius plot of ω0 as expected. Fitting this peak
with a Gaussian distribution gives the density of charge carriers producing this peak. Note
that the data points further away from the peak center are broadened as compared to the
Gaussian fit, which is also observed in the TSC measurements later in this work (section 6.4.4).
Here, the density of the Gaussian center of the peak is determined for simplicity. For both,
the 100 and the 200 nm devices, the peaks of the 0.5 wt% devices (8.8 × 1016cm−3 and
8.0 × 1016cm−3) comprise 3 − 4 times more charge carriers than those doped with only
0.25 wt% (2.3× 1016cm−3 for both L). As the densities at equal doping concentrations are
the same for different thicknesses, it is confirmed that the measured trap capacitance refers
to bulk traps. The difference in the charge carrier densities at different doping concentration
does not scale with the doping concentration, which may be explained by a different degree
of trap filling. In particular, the holes generated by doping in the lower doped sample are
required to fill up deeper trap states, whereas the additional dopants introduced at the higher
doping concentration directly fill up the states of the Gaussian trap. Possible origins of this
trap will be discussed in section 6.5 together with the results from the TSC measurements.
Looking at the deep energy part of the doped devices (Eω > 0.45 eV), this part shows lower
Nt values representing an exponential tailing. At both layer thicknesses, there is an offset
in Nt for the two doping concentrations, whereas the slope is the same. If these deep tail
states are a property of the donor-acceptor blend and are not created by the doping, they
should be occupied by the doping and the tail state distribution should be the same for both
concentrations. However, on the one hand, the offset can hardly be distinguished within the
uncertainty of Nt (caused by Vd). On the other hand, keeping in mind that Eω refers to the
transport level, the apparent offset in Nt might as well be related to an offset in Eω caused by a
shift in the reference transport level of the different doping concentrations. Assuming that the
hole transport level shifts similarly to the Fermi level, the DOOS distribution of the 0.25 wt%
sample would be shifted by about 0.07 eV to the right (not shown). Hence, the trap peak
would shift to deeper energies (i.e. higher Eω) and the exponential tail states would overlay
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for the two doping concentrations as expected. In future investigations, this interpretation
might by related to transport level investigations, e.g. using Seebeck measurements.
Compared to previous results, the slope of the tail states compares nicely to the exponential
tail state distribution determined in the previous chapter for ZnPc:C60 (1:1) blend layers
(green dashed line). The according trap density is difficult to compare because it depends on
the position of the transport level. Nevertheless, the agreement of the data to the previously
determined tail state distribution is good. Furthermore, a Gaussian trap distribution obtained
from IS measurements of p-i-n solar cells by Burtone et al. [Burtone13] (NG = 3.5×1016 cm−3,
σG = 0.055 eV, EG = 0.458 eV) is also in the same order of magnitude as the DOOS
reconstruction obtained here. Although the method for determination of the trap DOS was
similar to the one used here (an energy level diagram was calculated using drift-diffusion
simulations in order to fit the trap capacitance of an assumed trap distribution to the C(ω)
spectra), it was not possible to distinguish between a Gaussian trap and exponential tail
states, there. Consequently, that Gaussian distribution is broader than the peak obtained
here and deeper in energy, whereas the center of the Gaussian compares to the center of the
energy range accessed here. By using p-doping in the present work, the traps can be clearly
attributed to holes, which was not possible in previous IS studies. Altogether, the DOOS
reconstruction presented here gives a closer insight into the DOS distribution of ZnPc:C60
blend layers and refines previous impedance investigations of deep intra-gap states.
6.4.4 Thermally Stimulated Currents
In order to validate the resulting trap distributions, the 200 nm thick samples with doping
concentrations of 0.25 and 0.5 wt% are measured with TSC. Therefore, the samples are chilled
to 10 K, driven in forward direction filling the trap states, and the current is subsequently
measured as a means to determine the amount of charge carriers released upon rising
temperature.
TSC spectra with and without electrical trap filling are plotted in Figure 6.7. Both samples
show a pronounced peak at around 130 K, which can be attributed to a trap state that is
not occupied without trap filling (compare thin solid lines). Furthermore, the peak position
is shifted towards lower energies and has more charge carriers in the case of the 0.5 wt%
sample as compared to 0.25 wt%. At T > 150 K, the samples start to release charge carriers,
no matter whether the traps have been filled or not. This effect is attributed to a leakage
current and not further evaluated.
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Figure 6.7: TSC measurements of a ZnPc:C60 device with 0.25 wt% as well as
0.5 wt% p-dopant with and without a loading current (NG = 2.4/2.8× 1016 cm−3,
σG = 0.016 eV, and EG = 0.35/0.34 eV, respectively).
For quantitative evaluation of the trap spectra, the model of Haering and Adams [Haering60]
is applied describing the evolution of the TSC signal I(T ) according to
I(T ) = A
Vbi
L
qµτν0
∫ ∞
−∞
dE ·DOS(E) exp
[
− E
kT
− ν0
ζ
∫ T
T0
exp
(
− E
kT ′
)
dT ′
]
(6.9)
using the mobility µ, the charge carrier lifetime τ , the density of states DOS(E), the heating
rate ζ = 5 K/min, as well as the starting temperature T0. Related to the same trapping
process, ν0 is chosen in accordance with the previous results of the impedance measurement.
The trap energy remains as the only free parameter to describe the energetic position of the
TSC peak maximum in temperature. Here, a distribution of trapping sites with according
detrapping probabilities must be included in order to describe the shape of the entire TSC
signal. In particular, a Gaussian trap distribution superimposed with exponential tail states
is found to reproduce the TSC signal well, which is in agreement with the IS measurements.
However, due to the comparably small density of tail states, the focus is on the central
Gaussian trap representing the main TSC peak maximum. In total, the magnitude of the
TSC is given by the overall trap density NT and the product of mobility and lifetime µτ of
the free holes. The former is directly correlated to the number of extracted charge carriers
NT =
Q
A·L =
∫
I(t)dt
A·L .
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Here, the energy of the Gaussian trap level is located at EG = 0.35 eV (0.34 eV) for the
0.25 wt% (0.5 wt%) doping concentration, respectively. Hence, the trap energies obtained
by TSC are reduced by about 15% as compared to the activation energies obtained from
the temperature dependence of the maximum change in the capacitance (Figure 6.3). This
effect can be related to the assumption of a constant transport model, which is necessary
for evaluating the TSC data in order to limit the complexity of the problem. For instance,
the change in the transport level with temperature can be estimated from Ref. [Arkhipov01]
to be in the range of 0.1 to 0.2 eV between 200 and 300 K for a broad, exponential DOS
as it was observed for hole transport in ZnPc:C60 blend layers in section 5.3.3 of this work.
Thus, at lower temperatures, the transport level would be closer to the trap, reducing the
activation energy. Since the TSC measurements are performed at lower temperatures than
the IS measurements, the reduced trap energies obtained from this method are attributed to
the difference in the transport level as compared to the DOOS peak determined by IS.
Furthermore, NG of the main peak is found to be 2.4× 1016cm−3 (2.8× 1016 cm−3) for the
0.25 wt% (0.5 wt%) doped sample, respectively. Compared to NG of the peak determined by
IS, the absolute value is the same for 0.25 wt% and it is reduced by about a factor of 3 for
0.5 wt%. This difference can be explained as follows: The µτ product is a fitting constant
that is found to be µτ = 9.6 × 10−10 cm2/V (0.25 wt%) and 1.25 × 10−9 cm2/V (0.5 wt%).
These values are remarkably higher than µτ = 3× 10−11 cm2/V reported previously by Ray
et al. [Ray11]. However, a comparably high electron concentration due to photoexcitation
led to a diminished lifetime of free holes in neat ZnPc films. In contrast, p-doping of our
samples shifts the Fermi level towards the hole transport level and creates additional free
holes increasing the hole lifetime and the hole mobility. Assuming a mobility of 10−6 cm2/Vs
(e.g. from Ref. [Widmer13b]) results in a lifetime of the free charge carriers of 10−3 s which is
in the range of the traveling time of a free hole through the sample3. Therefore, it is likely
that charge carriers released far away from the extraction contact do not reach the collecting
interface but recombine instead. This effect is expected to be more pronounced in the device
with the higher doping concentration. In addition to the uncertainties of Nt in the DOOS
reconstruction, this is a possible explanation for the difference in the trap density of the
0.5 wt% doped sample obtained via thermally stimulated currents as compared to impedance
spectroscopy. Altogether, the peaks observed in the TSC measurements can be attributed to
one and the same trap as the Gaussian trap observed in the DOOS reconstruction from IS.
3 The charge carrier traveling time perpendicular to the substrate is estimated to be ttravel =
L
v
= L
µF
=
L2
µVbi
= 1.8 × 10−3 s.
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6.4.5 Solar Cell Characteristics
In order to investigate the effect of doping on solar cells, the current-voltage (J-V ) char-
acteristics of the doped devices are measured under illumination. Figure 6.8 presents the
measurement data for the doping concentrations 0.25 wt% (magenta) and 0.5 wt% (blue)
at device thicknesses of 100 nm (triangles and dashed lines) and 200 nm (circles and dotted
lines). As expected, the power conversion efficiency of these devices is low (0.08− 0.27 %)
because only the charge carriers generated in the depletion region are efficiently separated
(by the depletion voltage Vd). Here, the short circuit current JSC and the efficiency increases
with decreasing device thickness and concentration. Hence, the 100 nm device with 0.25 wt%
doping is most efficient, which is reasonable as it has the largest depletion region (compare
Table 6.1), particularly with respect to the overall device thickness. As only a part of the
device is depleted, charge carriers generated outside the depletion region have to reach the
contact by diffusion, which is inefficient and leads to recombination losses. Thus, the devices
with higher doping concentration are less efficient although they have a higher Vd, but it does
not compensate for the small depletion zone.
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Figure 6.8: Room temperature J-V characteristics of the doped devices measured
under 1 sun illumination (solid lines with symbols) and in dark (dashed and dotted
lines).
Comparing the open circuit voltage VOC of all devices, those with the same doping concen-
tration also possess the same VOC as expected. Furthermore, VOC is larger for the devices
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with the lower doping concentration. Furthermore, differences in VOC equal the differences
in Vbi, which is often estimated from the crossing point of dark and illuminated J-V curves
(indicating zero photocurrent). This observation is in agreement with previous work on Vbi
[Siebert-Henze14]. The absolute values of Vbi obtained from the photocurrent are in the
range of 0.3− 0.4 V, i.e. smaller than the value obtained from the Mott-Schottky analysis,
but still reasonable considering the difficulties of determining Vbi from different methods
[Kemerink06].
Apart from the low VOC and JSC as compared to undoped samples, the fill factors of 36−40 %
are also reduced as compared to complete BHJ solar cells (with HTL and EBL) [Tress13b].
The low fill factors indicate additional recombination in the doped devices that is explained
by a higher hole density due to the p-doping.
Moreover, the J-V slope at negative voltages indicates a voltage dependence of the photocur-
rent due to the increasing depletion region. Here, the slope decreases with increasing device
thickness and doping concentration. On the one hand, less charge carrier pairs are generated
in the thicker device (per volume) causing a shallow slope and, on the other hand, in the
higher doped sample more negative voltage is necessary to increase the depletion region for
additional charge carrier generation.
In agreement with previous studies on doped blend layers [Veysel Tunc12], doping provides a
tool for optimizing the solar cell efficiency by trap filling. However, doping is only beneficial
for a solar cell if the depletion region is not much smaller than the thickness of the solar cell,
as it is the case for the devices studied here. Hence, optimizing the solar cell by light doping
is a trade-off between, (i) making the device more conductive for efficient charge carrier
transport, (ii) keeping a built-in potential as the driving force for charge carrier separation,
and (iii) finding the optimal layer thickness where most of the light is absorbed. In this case,
a variation of lower doping concentrations and thinner active layers would be necessary for
optimizing the solar cell.
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Deep, hole-type trap states represented by a Gaussian-shaped peak as well as exponential tail
states were identified in the DOOS distribution reconstructed from IS measurements. Using
TSC investigations of the same samples, the shape and energetic position of the Gaussian trap
was confirmed. Studying the J-V curves of theses samples under illumination, the doping
concentrations used for trap filling were shown to be detrimental for ZnPc:C60 solar cells as
they decrease the built-in potential, which is necessary to separate charge carriers effectively.
In agreement with the literature [Ray10, Tress13a, Burtone13], the deep trap states also
constitute a source of recombination losses in this blend layer. Aiming at improving the
solar cell efficiency, the traps must be characterized and their origin identified. Thereby, the
central question is whether the traps are externally induced by the doping or whether they
are a property of the donor-acceptor blend (i.e. they are also present in the intrinsic device
but not occupied) and, in this case, whether they are a property of the donor or caused by
blending with the acceptor.
Regarding the influence of the dopants on the DOS, the doping process itself might cause
additional states in the DOS, which can trap charge carriers, e.g. if the Gaussian trap is
caused by ionized dopants that are negatively charged and act as Coulomb traps for holes
[Arkhipov05b]. However, in this case, the activation energy of the doping process obtained
from the Mott-Schottky analysis should be similar to the temperature activation of the
Gaussian trap. Here, the activation energy of the dopants is by a factor of 10 smaller
than the trap energies found using IS and TSC. A similar Gaussian trap (EG = 0.6 eV,
NG = 1.2 × 1017 cm−3) observed in lightly p-doped pentacene was already related to the
matrix since the trap concentration saturates upon increasing doping concentration [Pahner13].
Furthermore, the activation energy obtained from a Mott-Schottky analysis in that reference
(54 meV) was comparable to the one reported here. Although the present results do not show
a saturation of the Gaussian trap density like in the reference, the similarity of the trap
distributions and activation energies at equal molar ratios directs towards a common physical
origin of the traps. Hence, it seems reasonable to conclude that the Gaussian trap observed in
this work is related to the donor-acceptor blend layer and not to the doping process itself.
For the undoped sample, that means the trap states are not occupied and thus do not
contribute to the TSC or IS signal. This observation is in agreement with previous IS
measurements of this blend layer, where trap states had to be filled by illumination [Ray10]
or by charge carrier diffusion from adjacent doped layers [Burtone13] in order to give a
capacitive contribution in the IS. Here, doping has proven as an elegant solution for defined
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trap filling. Furthermore, the energetic range of the DOOS reconstruction can be increased
in future studies by further varying the doping concentration.
Asking whether the trap peak is related to the donor material or caused by the blending of
donor and acceptor, the results are compared to recent studies on neat layers doped with
widely varied doping concentrations. A Gaussian trap was reported for neat ZnPc layers p-
doped with F6-TCNNQ [Tietze15], however, with a higher trap density (NG = 7.2×1017 cm−3)
and deeper in energy (1.2 eV off the HOMO onset, i.e. in the C60 LUMO of the blend layers).
Nevertheless, this result is not a contradiction to the results of this work as this trap might be
present in addition to the one found here. The trap reported in that reference is probably not
relevant to blend layers because it would be located in the LUMO(C60). Reversely, the trap
found here might not be resolved in that reference for having a lower density and assuming
a single Gaussian trap. Additionally, exponential tail states with a characteristic energy of
Et = 0.157 eV were reported [Tietze15], in good agreement with the tail state distribution
determined before in this work (Et = 0.14 eV). Furthermore, the authors showed that ZnPc
is efficiently doped for molar ratios (dopant/matrix) between 10−4 and 10−3. Assuming
that this result is independent of the p-dopant, the observed occupation of trap states in
the devices doped with 0.07 and 0.13 mol% as well as the obtained doping efficiencies agree
very well with this reference. Altogether, the exponential trap states are suggested to be
an intrinsic property of ZnPc as neat and blend layers have exponential tail states with a
comparable characteristic energy4. The Gaussian trap reported here cannot be related to
the one obtained in neat ZnPc layers before, but it might have been overseen for having a
low density. Hence, neat ZnPc layers would have to be studied by IS for direct comparison,
ideally using C60F36 as a p-dopant, in order to identify the origin of the Gaussian trap.
Moreover, the DOOS distribution reported here for ZnPc:C60 blend layers may explain
the asymmetry in the Fermi level position of the intrinsic ZnPc:C60, which is close to the
C60-LUMO level and not in the center of the energy gap: The Fermi level defines the energetic
position where the probability to find free electrons and holes is the same. If the density
of free holes is reduced due to the deep hole traps, the Fermi level must shift towards the
electron transport level accordingly. Hence, the Fermi level aligns close to the minimum in
the DOS. In this case, this minimum is not yet reached at the deepest energies (0.6 eV) of the
doped devices, in agreement with the Fermi level offset from the HOMO(ZnPc) determined by
UPS (0.7− 0.8 eV). Thus, combining UPS measurements with the DOOS distribution enables
novel insights into the energetic position of the charge carriers relevant to the transport.
4 The trap density is difficult to compare because it depends on the energy level it refers to.
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In summary, the DOOS of a p-doped organic semiconductor blend layer (ZnPc:C60) was
determined by relating temperature dependent IS spectra to a DOOS distribution [Walter96].
The same samples are measured with TSC for validating the trap distribution. The DOOS
distribution shows a Gaussian trap state, which is more occupied for higher doping concen-
trations, as well as deep, exponential tail states that compare to those determined in the
previous chapter. Being unoccupied in the undoped sample, the trap states can be filled by
doping enabling the trap characterization. The maximum of the Gaussian trap is at 0.40 eV
(0.41 eV) with respect to the hole transport level having a density of 2.3 × 1016 cm−3 and
8.0 × 1016 cm−3 for the 0.25 wt% (0.5 wt%) doped sample, respectively. From the present
results, no influence of the dopant on the DOS is found. Furthermore, it seems reasonable
that this peak is related to the donor material. For solar cell efficiencies, trap filling by doping
is shown to be detrimental at the concentrations used here and a pathway for optimizing a
solar cell by light doping is derived. Altogether, p-doping of blend layers facilitates insight
into the hole-type DOS distribution with respect to the transport level and it reasons the
asymmetry in the Fermi level position observed in this blend layer system. Future studies
have to identify the trap origin and possible ways to avoid the traps in order to further
improve the efficiency of solar cells.
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“Nach dem Spiel ist vor dem Spiel.“
Sepp Herberger, German soccer player and coach.
In this work, the charge carrier mobility as the central parameter describing charge carrier
transport is related to the density of states distribution of donor-acceptor blend layers in
experiment and simulation. After reviewing the basics of organic semiconductor in Chapter 2,
the method of numerical drift-diffusion simulations was introduced in Chapter 3. Aiming
for a deeper insight into the transport processes in donor-acceptor blend layers, charge
carrier transport is studied in ZnPc:C60 and DCV2-5T-Me
33:C60 blend layers using single
carrier devices and diodes. Thereby, the focus is on single carrier devices with symmetrically
doped injection contacts, which prevent minority charge carrier injection and enable highly
symmetric J-V characteristics. In Chapter 4, the effect of charge carrier trapping in an
exponential distribution of tail states on the current-voltage characteristics of such single
carrier devices is investigated using drift-diffusion simulations. It is shown that the effective
mobility of these charge carriers is reduced by the trapping and approximately follows a
power law µeff ∝ pEt/kT−1. Typically for an exponential DOS, the J-V curve is characterized
by a power law (exponent > 2) in the space-charge limited current region. Furthermore, this
power law is found to depend on the intrinsic layer thickness of the device because free charge
carriers from the doped layers diffuse into the intrinsic layer and fill up trap states, there.
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Moreover, the thickness dependence of the power law caused by diffusion currents is shown
to be suitable for determining the parameters of the exponential distribution.
In Chapter 5, experimental J-V curves of donor-acceptor blend layers with varying intrinsic
layer thicknesses are evaluated in the SCLC as well as in the Ohmic region. For hole transport
in the model blend layer ZnPc:C60 (1:1), a mobility model is derived that allows to reproduce
both regions of the J-V curves with drift-diffusion simulations. It comprises a power law
dependence on the hole density as well as a Poole-Frenkel type field activation. Additionally,
the J-V characteristics show a pronounced power law region. In agreement with the mobility
dependence on the hole density, this power law region is interpreted to arise from exponential
tail states with Et = 0.14 eV and Nt = 1.2× 1018 cm−3. When the mixing ratio is slightly
varied (2:1 and 1:2), the power law remains and the trap parameters stay similar (less deep
trap states for both, i.e. Et is decreased). The resulting tail state distributions compare
to those previously determined by other methods in the same blend layer. Furthermore,
the thickness-dependent conductivity suggests that recombination and generation of charge
carrier pairs dominates the Ohmic region of the J-V curve and constitutes a loss mechanism
for solar cells with this blend layer.
When the donor concentration in the blend is reduced to dilute concentrations (1:6 and
1:100), the J-V characteristics changes continuously. In addition to the power law, which
is only observed at the highest voltages of devices with thick intrinsic layers, the SCLC
region comprises a field-activated region that is described well with the Poole-Frenkel mobility
model, again. Apparently, the mobility of the thin devices is modified by a weak, power law
dependence on the hole density, which was also observed for the 1:2 mixing ratio. Hence,
the model must be slightly modified in order to describe the J-V curves of diluted donor
concentrations. However, the main construction of a mostly field dependent and a hole density
dependent mobility, which add up linearly, remains valid. Altogether, it can be concluded
that exponential trap states dominate the SCLC at rather balanced mixing ratios, whereas a
mostly field-activated mobility determines the J-V curves in diluted concentrations, probably
because the field supports the release of charge carriers from deep traps.
The results obtained for hole transport in ZnPc:C60 blend layers are in stark contrast to
those obtained for DCV2-5T-Me33:C60 (2:1) blend layers, which comprise a high PCE donor
material. This material system shows a hole mobility activation with the field according
to µ(F ) ∝ exp (F ), which allows to describe the whole J-V curve in terms of the Pasveer
mobility model for a Gaussian shaped DOS with an additional field activation [Pasveer05]
using a single set of parameters for all layer thicknesses. In contrast to ZnPc:C60, the charge
transport mechanism in this blend layer is not dominated by trap states.
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Electron-only devices of ZnPc:C60 (1:1) and DCV2-5T-Me
33:C60 (2:1) show a similar J-
V characteristics, irrespective of the donor. The J-V curves scale differently with the
layer thickness, which is related to the different acceptor concentrations in the blend layers.
Furthermore, the SCLC is dominated by a Poole-Frenkel field activation combined with a
weak electron density dependence. Hence, electron transport in blend layers with C60 is not
affected by the donor type and does not show any hints for deep tail states in the DOS.
Summarizing the charge transport part, extensive information can be obtained from the J-V
curves of single carrier devices with symmetrically doped injection layers by a simple variation
of the intrinsic layer thickness. Using this device geometry and comparing drift-diffusion
simulations with the features of experimentally measured J-V curves already provides insight
into the DOS distribution that dominates the charge carrier transport, without varying
further transport parameters such as the device temperature. Furthermore, it is desirable
to determine the DOS distribution experimentally in order to specify the transport model
for blend layers. For future investigations, the experimental DOS might also be used as
an input parameter for drift-diffusion simulations, altering the precision of drift-diffusion
simulations. Additionally, the effective mobility dependence on the charge carrier density
could be determined for the specific DOS distribution by drift-diffusion simulations when
a mobility edge between trapped and untrapped charge carriers is defined (like for the
exponential DOS in Chapter 4).
Chapter 6 demonstrates a rarely reported way to characterize the DOS distribution by
measuring impedance and thermally stimulated currents (TSC) of the occupied states (DOOS)
while tuning the Fermi level by means of doping and temperature. Here, the deepest trap
states of ZnPc:C60 (1:1) blend layers are filled by light p-doping. Whereas the method of
trap filling is known for neat layers, in blend layers trap filling has up to now been realized
by illumination or charge carrier injection. In order to determine the DOOS distribution
from the impedance spectra, the energy diagram of the device is derived from measurements
of the Fermi level position (using UPS) and the impedance data is converted into a DOOS
distribution by assuming a parabolic shape of the energy diagram. With the resulting DOOS
distribution, the presence of deep, exponential intra-gap states comparable to the tail state
distribution determined in section 5.3 is confirmed. Additionally, a pronounced peak is
observed in the reconstructed DOOS at an energy of 0.4 eV below the transport level. This
peak is also found in the TSC measurements of the same samples, however, with slightly
shifted energy and density. Investigating the origin of this peak in detail may be an interesting
follow up topic. Moreover, the influence of trap filling on the solar cell efficiency is shown
to be detrimental due to increased recombination. Thus, in order to optimize a solar cell,
the aim must be to characterize the traps, to identify their origin, and ideally, to avoid trap
139
7 Conclusion and Outlook
states at all.
Apart from the suggestions already made for future drift-diffusion simulation studies, model-
ing transient phenomena occurring in experiments such as transient photovoltage or charge
extraction measurements may be of interest for improving the understanding of these charac-
terization techniques. In particular, transient simulations using model DOS distributions will
help in the interpretation of measurement data. As the algorithm used during this work uses
the time-dependent form of the drift-diffusion equation system, the simulation code may be
extended for such calculations.
In summary, this work demonstrates the close correlation between the charge carrier mobility
and the DOS of the material. In the author’s eyes, the precise knowledge of the DOS is the
key parameter of a systematic material characterization, which aims at identifying and, if
possible, removing trap states in order to reduce transport and recombination losses in organic
solar cells. The present work contributes in deepening the understanding of the relevant
parameters. Moreover, the DOS is also essential when drift-diffusion simulations shall be used
for explaining the solar cell characteristics or predicting optimized device architectures, e.g.
of novel materials. In the further future, the DOS might even be determined by microscopic
simulations tools from the molecular structure, although on the way towards fully predictive
simulations of organic semiconductors, several levels of complexity remain to be bridged.
Presently, organic solar cells have reached a performance level that already challenges classic
silicon technology under certain conditions and the complementary properties of organic
semiconductors will at some point lead to market relevant applications. The more cost-efficient
organic solar cells can be produced, the more we will see them in tomorrow’s daily life.
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Materials
short name usage long name
BPAPF HTL 9,9-bis[4-(N,N-bis-biphenyl-4-yl-amino)phenyl]-9H-
fluorene
C60 absorber/
acceptor/
ETL
Buckminster fullerene
C60F36 p-dopant fluorinated fullerene derivate
DCV2-5T-Me33 absorber/
donor
2,2’-((3”,4”-dimethyl-[2,2’:5’,2”:5”,2”’:5”’,2””-quinquethio-
phene]-5,5””-diyl)bis(methanylylidene))dimalononitrile
F6-TCNNQ p-dopant 2,2’-(perfluoronaphthalene-2,6-diylidene)dimalononitrile
NDP9 p-dopant novaled dopant p-side no. 9
W2(hpp)4 n-dopant tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]-
pyrimidinato)ditungsten (II)
ZnPc absorber/
donor
zinc phthalocyanine
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Symbols
symbol unit description
a nm lattice parameter in Pasveer’s mobility model
α nm−1 inverse localization radius
β cm3/s bimolecular recombination constant
βL cm
3/s Langevin recombination constant
C(ω) F frequency-dependent capacitance of an R-C parallel circuit
Cn/p cm
3/s electron/hole capture cross section
d nm depletion width
DOS cm−3eV−1 density of states
e C elementary charge, e = 1.602× 10−19 C
E eV energy
EA eV dopant activation energy
EB eV Coulombic binding energy of the electron-hole pair of an exciton
EC eV electron transport level
E
(n/p)
F eV (quasi) Fermi level
Eg eV (transport level) energy gap
Eoptg eV optical electron gap
EG eV mean of a Gaussian shaped DOS
Et eV characteristic energy of an exponential DOS
EV eV hole transport level
Evac eV vacuum energy level
Eω eV demarcation energy
ε0 F/m vacuum permittivity, ε0 = 8.854× 10−12 F/m
εr 1 relative permittivity of a material
F V/cm electric field
FF 1 fill factor of a solar cell J-V curve
~ Js Planck constant, ~ = 6.626× 10−34 Js
ISC A short circuit current of a solar cell
J mA/cm2 current density
γ
√
cm/V field enhancement factor of a field activated mobility
~k 1/cm wave vector
k J/K Boltzmann constant, k = 1.381× 10−23 J/K
kSRH s
−1 Shockley-Read-Hall recombination constant
L nm thickness of an organic layer
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m∗ kg effective mass
m kg charge carrier mass
M g/mol molar mass
µ cm2/Vs charge carrier mobility
N−A cm
−3 density of ionized p-dopants (acceptors)
NAv mol
−1 Avogadro constant, NAv = 6.022× 1023mol−1
N+D cm
−3 density of ionized n-dopants (donors)
Nt cm
−3 total density of states below transport level for an exponential DOS
Nt(ω) cm
−3eV−1 density of occupied trap states (DOOS)
νij s
−1 transition probability for a charge carrier hop from site i to site j
ν0 s
−1 attempt-to-escape frequency
Pe/h eV polarization energy of electrons/holes
φ(ω) ◦ frequency-dependent phase of an impedance signal
φ
n/p
inj eV injection barrier for electron/holes at a thermionic contact
r nm distance (of Coulombically bound electron-hole-pairs)
Rbm cm
−3s−1 bimolecular recombination rate
RSRH cm
−3s−1 trap-assisted (SRH) recombination rate
ρ g/cm3 mass density
s cm−3 exciton density
σ S/cm electrical conductivity
σG eV energetic standard width of a Gaussian shaped DOS
T K temperature
τ s mean free time between two collisions of electrons and cations
v cm/s velocity of a charge carrier
V V voltage
Vbi V built-in voltage of a device, defined by work function difference
Vd V potential dropping over a depletion region
VOC V open circuit voltage of a solar cell
ω0 Hz characteristic trap frequency
Y (ω) S frequency-dependent complex admittance of a device
Z(ω) Ω frequency-dependent complex impedance of a device
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Abbreviations
abbreviation description
BHJ bulk heterojunction
CDM correlated Gaussian disorder model
CT charge transfer
DFT density functional theory
DOOS density of occupied states
DOS density of states
EA electron affinity
ETL electron transport layer
FHJ flat heterojunction solar cell
GDM Gaussian disorder model
HOMO highest molecular orbital
HTL hole transport layer
IE ionization energy
IPES inverse photoelectron spectroscopy
IS impedance spectroscopy
ITO indium tin oxide
LUMO lowest unoccupied molecular orbital
MD molecular dynamics (simulations)
MPP maximum power point of a solar cell characteristic
OFET organic field-effect transistor
OLED organic light-emitting diode
PCE power conversion efficiency of a solar cell
SRH Shockley-Read-Hall recombination via mid-gap traps
SCLC space-charge limited current
TF-SCLC trap-filled space-charge limited current
TLC trap-charge limited current
TSC thermally stimulated currents
UPS ultraviolet photoelectron spectroscopy
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